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Abstract 

Architecture and CAD for Speed and Arta Optimization of FPGAs 

Doctor of Philosophy, 1998 
Vaughn Betz 

Department of Electrical and Computer Engineering 
University of Toronto 

In the thirteen years since their introduction, Field-Programmable Gate Arrays (FPGAs) 

have become one of the most popular implementation media for digital circuits. Their program- 

mability has been the key to the success of FPGAs, but this programmability also makes them ten 

times larger and three times slower than Masked Programmed Gate Arrays (MPGAs). 

This thesis investigates three aspects of FPGA architecture in order to find ways to reduce 

these speed and area penalties. Our investigation method is experimental -- we technology map, 

place and route circuits in eacn architecture of interest and measure the resulting speed and den- 

sity of the circuit. To enable this architectural exploration, we create new, flexible Computer- 

Aided Design (CAD) tools to perform logic block packing, placement and routing into a wide 

variety of FPGA architectures. These CAD tools incorporate new algorithms that result in better 

result quality than previous approaches, and theirflexibility enables rapid exploration of radically 

different FPGA architectures in a way that was not previously possible. 

The three FPGA architectural issues we investigate are global routing architecture, cluster- 

based logic blocks, and detailed routing architecture. In the global routing architecture investiga- 

tion, we determine how FPGA architects can best ailocate wiring tracks to the various channels 

within an FPGA. We show that an island-style FPGA should make ail channels the same width, 

while a row-based FPGA should make the horizontal channels twice as wide as the vertical chan- 

nels. We also find that an island-style FPGA has 5% better area-efficiency than a row-based 

FPGA. 

In Our investigation of cluster-based logic blocks, we show that any logic block composed 

of a cluster of one to ten look-up tables has reasonable area-efficiency. The absolute best area- 

efficiencies are obtained by logic blocks with 1 or with 4 look-up tables per logic block. As well, 

we found that the nurnber of look-up tables in a logic block must be considered when choosing 

other FPGA parameters, such as the flexibility of the logic block - routing interface. 

.. . 
fll 



Finally, we examine different detailed routing architectures -- that is, how long the various 

wires in an FPGA should be, and how they should be interconnected. We found that it is impor- 

tant for FPGA routing to contain both tri-state buffers and pass transistor switches. While most 

commercial FPGAs use many very long and very short wires, we found that routing architectures 

composed of medium length lines are superior. We found that such routing architectures are 1 1 - 

18% iaster and require only O - 6 1  more area than a routiiig architecture modelled after that of a 

top-selling commercial FPGA, despite being considerably simpler. 
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Introduction 

Chapter 1 

Introduction 

1.1 Motivation 
In the thirteen years since their introduction, Field-Programmable Gate Arrays (FPGAs) 

have become one of the most popular implementation media for digital circuits, growing into a $2 

billion per year industry. The key to FPGAs' populanty is their programmability -- an FPGA can 

implement any circuit simply by being appropriately programmed. Other circuit implementation 

options, such as Standard Cells or Mask-Programmed Gate Arrays (MPGAs), require that a dif- 

ferent VLSI chip be fabricated for each design. Use of a standard FPGA, rather than a custom 

MPGA, has two key benefits: lower non-recumng engineering (NRE) costs, and faster time-to- 

market. 

To implemeni a circuit in an MPGA, one sends the completed design to a silicon foundry 

which manufactures a chip to implement exactly (and only) that design. The non-recurring engi- 

neering (NRE) fees to have the first chip manufacnired are typically $100 000 to $250 000; these 

fees cover the cost of making lithography masks for the circuit and of running a new design 

through the fabrication plant. A design is implemented in an FPGA, however, simply by pro- 

gramming a standard FPGA to have the desired functionality, so there are no NRE costs. This 

makes FPGAs the lowest cost implementation medium for small and medium volume designs. 

Tirne-to-market is the other key advantage of FPGAs. MPGA designs typically take 6 - 8 

weeks to fabricate. If bugs are found in the finished chip it must be thrown away, and one must 

wait another 6 - 8 weeks to fabricate a corrected design. FPGAs, on the other hand, can be pro- 

gramrned in seconds, and any bugs found once the chip is tested in system can be corrected in 

minutes by reprograrnrning the FPGA. With today's short product cycles, the time-to-market 



advantage this provides is often compelling. 

FPGA prograrnmabiiity carries a priçe, however. In MPGAs and Standard Cells circuitry is 

interconnected with metal wires. FPGAs, in contrast, must connect circuitry via programmable 

switches. These switches have higher resistance than metal wires a d  add significant capacitance 

to connections, reducing circuit speed. As well, the switches take up more area than metal wires 

would, so an FPGA must be considerably larger than an MPGA to implement the same circuit. 

Typically a circuit implemented in an FPGA is about 10 times larger and 3 times slower than the 

same circuit implemented via an MPGA in an equivalent process [ I l .  The larger size of FPGA 

circuitry makes FPGA implementations more expensive than MPGAs for high volume designs, 

and the limited speed of FPGAs precludes their use in very high-speed designs. Consequently, 

there is a compelling motivation to research new FPGA architectures which reduce these speed 

and density penalties as much as possible. As well, the FPGA marketplace is highly competitive, 

so each FPGA manufacturer is constantly searching for better FPGA architectures in order to gain 

a speed and density advantage over its competitors. 

Industrial FPGA research tends to focus on point solutions -- companies make reasonable 

design choices and guesses to get a product to market in a timely fashion. Industrial FPGA 

researchers generally do not explain which design choices were carefully researched and which 

were educated guesses, and they usually do not investigate (or at least do not publish) the effect 

radically different design choices would have had. One way academic FPGA research, such as 

this thesis, therefore adds value is by exploring a "space" of architectures. We determine the best 

choice for various architecture parameters, the sensitivity of FPGA performance to each parame- 

ter, and useful "rules of thumb" for designing good FPGAs. 

In order to investigate the quality of different FPGA architectures, one needs Computer- 

Aided Design ( C m )  tools capable of automatically implementing circuits in each FPGA archi- 

tecture of interest. This thesis therefore has two major foci: the study of several FPGA architec- 

tural issues, and the development of a highly "flexible" CAD infrastructure that enables these 

investigations of different FPGA architectures. 

1.2 FPGA Architectural Issues 
Al1 FPGAs consist of a large number of programmable Iogic blocks, which can each imple- 

ment a small amount of digital logic, and programmable routing which allows the logic block 

inputs and outputs to be connected to form larger circuits. In this thesis we investigate three dif- 
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ferent issues in FPGA architecture: two concem FPGA routing design, and one concems FPGA 

logic block design. 

The first issue we invcstigate is global routing architecture [2, 31. The globsi routing archi- 

tecture nf an FPGA specifies the relative width of the various channels within thc chip. Figure i .  ; 

depicts an example global routing architecture in which the channels near the center of the FPGA 

are wider than those near the edges. In MPGA and standard ce11 implcmentations, a custonl chip 

is created for each design, so routing channels can easily be made wider in areas of a chip where 

the demand for routing is greater. In FPGAs, however, a11 routing resources are prefabricated, so 

the width of al1 the routing channels is set by the FPGA manufacturer. Our goal, then, is to find 

the distribution of routing resources, or tracks, to the various channels that permits their efficient 

utilization by the largest class of circuits. If there are too few tracks in some area of the chip then 

many circuits will be unroutable, while if there are too many tracks, they may be wasted. There is 

no agreement amongst commercial FPGAs on the best global routing architecture 14, 5, 6, 71, so 

this question has clear commercial relevance. 

The second issue we investigate is the use of cluster-based logic blocks in FPGAs [8, 91. 

These logic blocks are groups, or clusters, of look-up tables (LUTs) and flip Rops dong with local 

routing to interconnect the LUTs within a cluster; Figure 1.2 depicts an example logic cluster. In 

an FPGA using cluster-based logic blocks, many connections will then be made via the local 

interconnect within a cluster. Since this local interconnect cm be made faster than the general- 

purpose interconnect between logic blocks, cluster-based logic blocks can improve FPGA speeds. 

As well, an FPGA in which every logic block contains several LUTs will need fewer logic blocks 

to implement a circuit than an FPGA in which each logic block is a single LUT. This reduces the 

8 Tracks 2 Tracks 

Figure 1.1: Example global routing architecture. 
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Logic 
block 
inputs 

Figure 1.2: Example logic cluster contnining two LUTs. 

of the placement and routing problem considerably. Since placement and routing is usuall 

the most time-consuming step in mapping a design to an FPGA, cluster-based logic blocks can 

significantly reduce design compile time. As FPGAs grow larger, it is important to keep this com- 

pile time from growing too large or one of the key advantages of FPGAs, rapid prototyping and 

quick design tums, will be lost. 

The effect of cluster-based logic blocks on FPGA area is cornplex, and is the focus of Our 

investigation of these logic blocks. On the one hand, grouping related LUTs together into a single 

logic block reduces the number of connections to be routed between logic blocks, swing routing 

area. Since the general-purpose interconnect consumes most of the die area in SRAM-based 

FPGAs [l], this is a significant area savings. On the other hand, in the logic clusters we study, the 

area required by the local routing grows quadratically with the nurnber of LOTS in a cluster. For 

sufficiently k g e  clusters, the area used by this local interconnect will exceed the area saved in the 

general interconnect. We will investigate how the number of LUTs per cluster affects both FPGA 

area and other important FPGA architecture parameters, such as the proper number of inputs to a 

logic block and the required flexibility of the general-purpose interconnect. While recent FPGAs 

from Xilinx [IO], Altera [7], Lucent Technologies [5], Acte1 [I 11 and Vantis [ 121 have a11 grouped 

several LUTs together into logic clusters, there has been little published work investigating the 

impact of the logic cluster used on FPGA area-efficiency. 

The final FPGA issue we examine is that of detailed routing architecture [13]. The detailed 

routing architecture of an FPGA defines how logic block inputs and outputs can be intetcon- 

nected. The style of detailed routing architecture we will investigate is the island-style architec- 

ture used by Xilinx and Lucent FPGAs [ l ,  4, 51. A simplified detailed-routing architecture is 

depicted in Figure 1.3. Detailed routing architecture is the key element of an FPGA because most 

of an FPGA's area is devoted to routing, and most of a circuit's delay is due to routing delays 

rather than logic block delays [14, 11, so creating detailed routing architectures that are both fast 
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Figure 1.3: Example detailed routing architecture. 

and area-efficient is clearly crucial. The detailed routing architecture defines such features as: 

which routing wires in the channel adjacent to a logic block input or output can connect 

to that logic block pin, 

how many logic blocks each routing wire spans before terminating, 

where routing switches are located and which routing wires they can connect together, 

whether each routing switch is a pass transistor or a tri-state buffer, 

the sizes of the transistors used to build the various programmable switches, and 

the metal width and spacing of the various routing wires. 

Devising a good detailed routing architecture is a very challenging problem, as the best 

value for each of the parameters abcve depends on complex trade-ORS. For example, if we have 

too many programmable switches we will clearly waste area, and the increased delay caused by 

connections passing through many switches will degrade circuit speed. If, on the other hand, we 

have too few programmable switches, or if they are arranged in a poor topology, circuits will be 

either wasteful of wires or completely unroutable. Achieving an appropriate balance between 

pass transistor based and tri-state buffer based switches is also crucial -- pass transistors take less 

area and are faster for connections that go through only a few switches, but buffers are faster for 

connections that go through many switches. Similarly, if we have too few long routing wires, 

long connections will have to pass through many programmable switches and will be slow. On 

the other hand, too many long wires will result in short connections being made via long wires, 

wasting area and degrading speed. 

It is difficult to look at one detailed routing architecture parameter in isolation -- the param- 
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eters listed above interact in complex ways to determine an FPGA's speed and area-efficiency. 

Accordingly, we have tned to take a holistic approach that looks at al1 the parameters determining 

a detailed routing together, and assesses both the speed a d  area of each FPGA we investigate. 

This study is the first to examine such a brîad spectrum of detailed routing architectures. 

1.3 Research Approach and CAD Tools 
Our research approach is experimental -- we technology map, place and route benchmark 

circuits into each FPGA architecture of interest and measure the area andor delay of each circuit 

in that architecture. FPGA architectures which lead to the fastest and smallest implementations of 

the benchmark circuits are the best. 

In order to evaluate different architectures, our Computer-Aided Design (CAD) tools must 

be very flexible -- they must be able to target al1 the architectures of interest. This precludes the 

use of commercial FPGA CAD tools, as they target only the FPGAs of a specific manufacturer. 

Accordingly, we have created new CAD tools to pack multiple LUTs into a logic cluster, to place 

logic blocks within an FPGA, and to route the connections between logic blocks [Ki]. In addition 

to making these CAD tools flexible, we also took considerable care to ensure they produced high 

quality results, as poor CAD tools can lead to inaccurate architecture conclusions. The CAD tools 

understand the special features of each architecture, and attempt to fully optirnize for each archi- 

tecture they target. They incorporate several new features and enhancernents to existing algo- 

nthms, so the CAD algorithms are of interest in their own nght. As well, these CAD tools are in 

use in numerous FPGA and CAD studies at the University of Toronto and around the world, and 

obtain the highest quality results on the set of standard benchmarks used to compare academic 

place and route tools [15]. 

Ideally, one would Iay out each FPGA architecture of interest to obtain exact area measure- 

ments and highly accurate delay values. In this thesis we will investigate hundreds of different 

FPGA architectures, so this is clearly impossible. Accordingly, we have developed more abstract 

area models and delay estimates that do not require layout of the FPGAs, but which are still suffi- 

ciently accurate to allow fair cornparison of different architectures. 

1.4 Thesis Organization 
The next chapter provides background information and details some of the previous work in 
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both the relevant areas of CAD and FPGA architecture. Chapter 3 descnbes the CAD algonthms 

we used to pack severai LUTs together into a lugic cluster, and the algorithms we used to perform 

placement of logic blocks in an FPGA. In Chaptei 4 we detail the CAD algorithms used in our 

FPGA router. 

Chapters 5 through 7 then employ these C D  tools to investigate the three FPGA architec- 

tural issues outlined earlier. Each of these three chapters begins by describing the CAD fiow and 

area andlor delay models used in the experimental study, and then presents the architectural 

results obtained. Chapter 5 evaluates different global routing architectures for FPGAs, and deter- 

mines the most area-efficient architectures. In Chapter 6, we investigate cluster-based logic 

blocks and determine the logic cluster types that maximize area-efficiency. In Chapter 7 we 

ascertain which detailed routing architectures lead to FPGAs with the best combination of speed 

and area-efficiency. The final chapter summarizes the thesis conclusions and provides sugges- 

tions for future work. 
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Chapter 2 

Background and Previous Wol=k 

The first half of this chapter provides background information about FPGA architectures, 

and briefly describes the prior work relevant to this thesis. The second half of the chapter 

describes the CAD flow used to automatically map circuits into FPGAs and determine their speed, 

and summarizes some of the prior work in the relevant areas of CAD. 

2.1 FPGA Architecture 
Al1 FPGAs are composed of three fundamental components: logic blocks, VO blocks and 

programmable routing, as Figure 2.1 shows [Ml. A circuit is implemented in an FPGA by pro- 

Logic 
bIock 

I/0 block 

- Programmable 
routing 

Figure 2.1: A generic FPGA [16]. 
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gramming each of the logic blocks to implement a small portion of the logic required by the cir- 

cuit, and each of the VO blocks to act as either an input pad or an output pad, as required by the 

circuit. The programmable routing is configured to make al1 the necessary connections between 

logic blocks and from logic blocks to VO blocks. The following section h5;.tRy describes the 

basic technologies used to make FPGAs programmable. Sections 2.1.2 and 2.1.3 then describe 

some of the different architectures for and prior research into FPGA Icgic blocks and routing, 

respective1 y. 

2.1.1 FPGA Programming Technologies 
There are three different approaches to making FPGAs programmable [ l ,  161. The most 

popular technology today uses SRAM cells to control pass transistors, multiplexers and tri-state 

buffers in order to configure the programmable routing and logic blocks as required. Figure 2.2 

shows these SRAM-based switches. Notice that p a s  gates are implemented with nMOS pass 

transistors, rather than complementary transmission gates, as this results in better speed due to the 

higher camer mobility in nMOS transistors [17, 181. Most Xilinx FPGAs [4], the larger Altera 

devices [7], the latest Acte1 WGAs [ I l ]  and al1 Lucent Technologies FPGAs [5 ]  are SRAM- 

based. Alternative programrning technologies are antifuses [19] which are used in many Aciel 

WGAs [6], and floating gate devices (e.g. EPROM, EEPROM and Hash) which are used in many 

Complrx Programmable Logic Devices (CPLDs) [20]. 

2.1.2 FPGA Logic Block Architecture 
The logic block used in an FPGA strongly influences the FPGA speed and area-efficiency. 

While many different logic blocks have been used in FPGAs [ I l ,  rnost current commercial FPGAs 

are using Iogic blocks based on look-up tables (LUTs). Accordingly, in this thesis we will inves- 

tigate only LUT-based logic blocks. Figure 2.3 shows how a 2-input LUT can be implemented in 

an SRAM-based FPGA -- a k-input LUT requires 2k S R A M  cells and a 2k-input multiplexer. A 

2 SRAM cells 

n 
Pass transistor Tri-state buffer 

MultipIexer 

Figure 2.2: Three types of programmable switch used in SRAM-based FPGAs. 
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2 inputs 
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cells 

Figure 2.3: A 2-input LUT implemented in an SRAM-based FPGA. 

k-input LUT can implement any function of k-inputs; one simply programs the 2k SRAM cells to 

be the tmth table of the desired function. 

Previous research has shown that LUTs with 4-inputs lead to FPGAs with the highest area- 

efficiency [2 11, and most commercial FPGAs are based on 4-LUTs. 

Most modem FPGAs are composed not of a single LUT, but of groups of LUTs and regis- 

ters with some local interconnect between them, and there has been some research into logic 

blocks containing groups of LUTs. Jianshe He and Rose studied FPGAs that contained look-up 

tables of two different sizes [22]. Over a set of benchmark circuits, they found that an FPGA con- 

taining two-thirds 4-input LUTs and one-third 2-input LUTs reduced the number of SRAM bits 

within the LUTs by 22% and the number of logic block pins by 10% vs. an FPGA that contained 

only 4-LUTs. They never actually placed and routed an FPGA with a logic block composed of 

two 4-LUTs and one 2-LUT, but these results show that such a logic block should have good area- 

efficiency. In [23], Chung and Rose investigated logic blocks composed of several LUTs joined 

by inflexible "hardwired" connections. They found that some of these "hard-wired logic blocks" 

outperformed single CLUT logic blocks. In particular, a logic block composed of four 4-LUTs 

connected in a specific tree topology led to an FPGA 7% more dense and 28% faster than an 

FPGA using a single 4-LUT as its logic block. The area model used in this study modelled rout- 

ing area by estimating the number of routing switches needed after global routing. Since this 

model did not account for the fact that the routing transistors would most likely have to be sized 

up for the larger logic blocks, these area numbers are probably somewhat inaccurate (overly opti- 

mistic) for logic blocks with more than one LUT. Cong and Hwang [24] examined how weil four 

different logic blocks composed of groups of LUTs connected by hardwired connections, and in 

one case a multiplexer, were able to implement "wide" hinctions of many variables. 

In [25], Agganval and Lewis investigated hierarchical FPGA architectures. Since the logic 
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clusters we will investigate can be thought of as a logic block with a two-level hierarchy, this is 

somewhat related to our work. 

2.1.3 FPGA Routing Architecture 
Commercial FPGAs can be classified into three groups. based on their routing architecture. 

The FPGAs of Xilinx, Lucent and Vantis are island-style FPC.As, while Actel's FPGAs are roiv- 

based, and Altera's FPGAs are hierarchical [ I l .  In this thesis, we will almost exclusively investi- 

gate the island-style routing architecture,' so we describe this style of routing architecture below. 

Figure 2.4 depicts an island-style FPGA. Logic blocks are surrounded by routing channels 

of pre-fabricated wiring segments on al1 four sides. A logic block input or output, which we cal1 a 

pin, can connect to some or al1 of the wiring segments in the channel adjacent to it via a connec- 

tion block [26] of programmable switches. At every intersection of a horizontal channel and a 

vertical channel, there is a switch block [26]. This is simply a set of programmable switches that 

allow some of the wire segments incident to the switch block to be connected to others; note that 

for clarity only a few of the programmable switches contained by switch boxes are shown in Fig- 

ure 2.4. By tuming on the appropriate switches, short wire segments can be connected together to 

form longer connections. In the FPGA of Figure 2.4, notice that some wire segments continue 

unbroken through a switch block. These longer wires span mu1 tiple logic blocks, and are a crucial 

Programmable routing switch 

I I Short 
Logic 
block - B >: 4: 

I 

connec tion 
switch 

Switch 

. . 
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Figure 2.4: An island-style FPGA. 

1 .  Some of the resu1i.s in Chapter 5 are also applicable to row-based FPGAs. 
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feature in commercial FPGAs. 

In [26], Rose and Brown developed a useful notation for describing scme of the parameters 

of an FPGA's rouiing architecture, and we will use their notation in this thesis. The number of 

trackj, or wires, contained in a channei is deooted by W. The number of wires in each channel to 

which a logic block pin can connect is called the connettion biock flexibility, or F,. The number 

of wires to which each incoming wire can connect in a switch box is called the switch block Rex- 

ibility, or F,. In the FPGA of Figure 2.4, for example, W is 4 for al1 channels, F, is 2 and Fs is 3. 

Considering the importance of an FPGA's routing architecture to both its area-efficiency 

and speed, relatively little pior research has been conducted. The question of how many wires 

each channel in an FPGA should contain relative to the other channels, which we cal1 the global 

routing architecture of an FPGA has not been studied before. There is some prior work concem- 

h g  the detailed routing architecture of FPGAs, however. 

Most prior work has investigated FPGAs in which a11 wires span only one logic block 

before teminating at a switch block, and have compared architectures only on the basis of area- 

efficiency. The area-efficiency metric in these studies has usually been the number of program- 

mable switches contained in the routing. In [26], Rose and Brown investigated FPGAs of this 

type and found that the most area-efficient architectures had F, = 3 or 4 and F, = 0.7W to 0.9W. 

Tseng et al showed that FPGAs with Fs = 2 can get reasonable area-efficiency despite the very low 

flexibility of their switch block if the CAD tools properly optimize for the architecture [27]. Even 

then, however, they found that Fs = 3 was stiil 25% more area-efficient than Fs = 2. Other 

researchers have focused on finding better Fs = 3 switch box topologies in order to enhance 

routabil ity and hence area-efficiency [28, 291. 

A few studies have Iooked at routing architectures that include different lengths of wires. 

Figure 2.5 shows one channel in such an FPGA. The length of a wiring segment is the number of 

logic blocks it spans; Figure 2.5 shows segments of length 1,2 and 4. The segmentation distribrc- 

Logic block Length 1 wires Length 2 wires Length 4 wire 

r 

Figure 2.5: Example channel segmentation distri bution. 
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tion defines what fraction of the tracks in each channel are of each length. In Figure 2.5 for exam- 

ple, 40% of the tracks are of length 1,40% are of length 2, and 20% are of length 4. When a wire 

rpans the entire width or height of an FPGA, we will use Xilinx's terminology and cal1 it a long 

line. 

Greene et al briefly describe a procedure to choose an appmpriate distribution of segment 

lengths for use in a antifuse-progrwnmed row-based FPGA [30]. They looked at the distribution 

of connection lengths extracted from a set of global routings of circuits, and hand-crafted a seg- 

mentation distribution to match these lengths. Roy and Mehendale followed a similar procedure, 

again to find segmentation distributions for antifuse-programmed row-based FPGAs. They cre- 

ated a tool to automatically generate a segmentation length distribution that closely matched a 

specified length distribution [3 11. They found that a Poisson distribution of segment lengths led to 

fewer series switches being used to make connections, on average, than a uniform distribution that 

made al1 segments span four logic blocks. Consequently, the Poisson distribution should lead to 

higher speed, but it required more routing area. Notice that both these studies assume that a distri- 

bution of connection lengths can be guessed or determined from a global routing. While this is 

possible in a row-based FPGA, island-style FPGAs usually perform global and detaiied routing in 

one unified step, so these methods of generating segmentation distributions will not work well 

w ith island-style FPGAs. 

Some pnor work has also investigated segmentation for island-style FPGAs. In these stud- 

ies, al1 the programmable switches within a switch box were assumed to be pass transistors; the 

possibility of tri-state buffer routing switches has not been investigated. 

Brown et al investigated different segment length distributions in order to optimize the 

speed and area of an island-style FPGA [32,33,34]. They placed circuits, then routed them with 

a two-step (global then detailed) routing procedure, and evaluated the resulting speed and area for 

each FPGA architecture of interest. They found that segments of length greater than 3 or 4 were 

unnecessary, and that segments of length 1 were also not very important. The best segmentation 

distributions, in terms of speed/area trade-off, had 40 - 702 length 3 wires, 10 - 50% length 2 

wires, and 10 - 20% length 1 wires. Their conclusions may have been affecied by severai factors, 

however. First, in the two-step routing scheme they use, the global router is unaware of the seg- 

mentation distribution, and hence is not attempting to optimize for it. This may make it difficult 

to use long wires effectively. Second, their area metric was number of tracks per channei required 

to route, W, while FPGA area is usually determined by transistor area. Third, their speed metric 
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was average net delay, rather than the circuit cntical path. Finally, the tools did not use timing 

analysis to determine whiçh connections needed high-speed routing, and which could use area- 

efficient routes. 

Chow et al 1351 performed a similar study of segmentation distributions in an island-style 

FPGA, using similar tools to Brown et al [32]. They did not evaluate circuit speed, but assumed 

that longer wires would lead to faster circuits. Xence, they looked for segmentation distributions 

that incorporated length 2 and 3 wires but required onIy slightly higher W values to route circuits 

than a segmentation distribution where al1 wires were length 1. They also investigated a new 

architectural parameter, intemal population, that is relevant to wires which span more than one 

logic block. Al1 wires are assumed to be able to connect to other wires and to logic blocks at their 

endpoints. A wire segment is Nlternally switch-box populated if it cm make connections from its 

interior to other wire segments (via switch boxes); othenvise it is switch-box depopulated. Simi- 

lady, a wire that can connect to from its middle to logic blocks (via connection boxes) is inter- 

nally connection-box populated. Figure 2.6 illustrates the four different i nternal population 

possibilities for segments. Notice that a length 3 wire that is connection-box depopulated can 

connect to only 2 of the 3 logic blocks it passes. A length 3 wire that is switch-box depopulated 

can connect to wires in only two of the four vertical channels that pass by it. Intemally depopu- 

lated wire segments are faster than populated wire segments because there are fewer switches, and 

hence less parasitic capacitance, connected to them. Chow et al found that switch-box depopu- 

lated wires resulted in a significant increase in the required value of W to route circuits, while 

Switch box Connection box 

Logic block 

Switch-block popuiated, 
Connection-block populated 

Switch-block populated, 
Connection-block depopulated 

S witch-block depopulated, 
Connection-block populated 

Switch- block depopuiated, 
Connection-bIock depopulated 

Length 3 wire 

Figure 2.6: Intemal population and depopulation of wiring segments. 
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connection-box depopulation caused only a srna11 (-O - 10%) increase in W. They also found that 

many architectures with 0 - 60% length 2, 10 - 40% length 3, and the remainder length 1 wires 

required only about 10% more tracks per channel than an al1 length 1 architccture. 

In [36], Sun et al proposed û new type of FPGA routing structure that incorporated longer 

wires. This new structure is related to but not identical to the routing of an island-style FPGA. ils 

area-efficiency, <as measurea by the number of progrzmmable switches in the routing, is 50% 

worse than that of an island-style FPGA that uses al1 length 1 wires. The number of active routing 

switches (switches that are actually tumed on to conne:( wires) is 35% lower in this new struc- 

ture, however. The authors of [36] therefore conclude that this new FPGA is faster than an island- 

style FPGA with al1 length 1 wires. This number of active routing switches delay metric is not 

very closely related to critical path delay, however, so there is a large margin of error in their delay 

results. 

2.2 CAD for FPGAs 
Iniplementing a circuit in a modem FPGA requires that hundreds of thousands or even mil- 

lions of programmable switches and configuration bits be set to the proper state, on or off. 

Clearly if a circuit designer has to specify the state of each programmable switch in an FPGA very 

few designs will ever be completed! Instead, users of FPGAs describe a circuit at a higher level of 

abstraction, typically using a hardware description language (such as VHDL) or schematic entry. 

Compter-Aided Design (CAD) programs then convert this high-level description into a program- 

ming file specifying the state of every programmable switch in an FPGA. To keep the complexity 

of this procedure tractable, the problem of detemining how to map a circuit into an FPGA is nor- 

mally broken into a series of sequential subproblerns, as shown in Figure 2.7. In the following 

three sections we will describe the synthesis, placement and routing problems and briefly outline 

some of the pnor work in each area. Once a circuit is placed and routed, delay models and timing 

analysis are used to assess its speed; we describe these probiems in Sections 2.2.4 and 2.2.5. 

2.2.1 Synthesis and Logic Block Packing 
The first stage of synthesis converts the circuit description, which is usually in a hardware 

description language or schematic form, into a netlist of basic gates. Then, the logic synthesis 

process converts this netlist of basic gates into a netlist of FPGA logic blocks such that the num- 

ber of logic blocks needed is minimized and/or circuit speed is maximized. Logic synthesis is 
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( Circuit description (VHDL. schernatic. ...) ) 

Synthesize to logic blocks 
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Figure 2.7: FPGA CAD Row. 

sufficiently complex that it is usually broken into two or more subproblems [37]; in this thesis we 

will use a three-stage synthesis flow as shown in Figure 2.8. 

Technology-independent logic optimization removes redundant logic and simplifies logic 

wherever possible [37, 381. The optimized netlist of basic gates is then mapped to look-up tables 

[39, 40, 41, 42, 431. Both of these problems have been extensively studied and good algorithms 

and tools capable of targeting the FPGAs we are interested in studying are publicly available, so 

this thesis does not study these phases of the synthesis process. 

The third synthesis step in Figure 2.8 is necessary whenever an FPGA logic block contains 

more than a single LUT. Logic block packing groups several LUTs and registers into one iogic 

block, respecting limitations such as the number of LUTs a logic block may contain, and the num- 

ber of distinct input signals and clocks a logic block may contain. The optimization goals in this 

phase are to pack connected LUTs together to minimize the number of signals to be routed 

Netlist of basic gates + 
1 Technology-independent logic optirnization 1 

1 Technology map to look-up tables (LUTs) 1 

1 pack LUTs into logic blocks 1 

Figure 2.8: Details of synthesis procedure. 
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between logic blocks, and to attempt to fill each logic block to its capacity to minimize the num- 

ber of logic blocks used. 

This problem is a form of clustenng. Clustering and partitioning are cssentially the same 

problem; divide a netkt  into several pieces, such that certain constraints, such as maximum p r t i -  

tion size, are respected, and some goal, such as minimizing the number of connections that cross 

partitioris, is optirnized 1441. When a circuit is to be divided into only a few pieces, the problem is 

called partitioning. When a circuit is to be divideci into many small pieces in one step (as opposed 

to recursively partitioning into a few partitions in each step), the problem is usually called cluster- 

ing. 

Clustering has been extensively studied [44,45, 46, 471. with spectral [48, 49, 50, 511 and 

labelling [52,53,  54,551 methods being popular. Many of these methods, however, cannot easily 

incorporate simultaneous constraints on the maximum number of inputs, the nurnber of docks, 

and the number of LUTs and registers in a logic block, and these constraints are key in logic block 

packing. Spectral methods use analytic techniques to produce "natural" groupings of circuit ele- 

ments, and then enforce constraints on cluster size, etc. in a post-processing step. With many 

cluster legality coristraints, then, it becomes likely that this post-processing step will perturb the 

"naturd" clustering solution enough to significantly impact the result quality. It is difficult for 

labelling methods to simultaneously satisfy both a constraint on the number of inputs to a cluster 

(pin constraint) and the maximum number of items (e.g. LUTs) in a cluster (size constraint). 

Yang and Wong [55] present a labelling algorithm which can simultaneously satisfy both size and 

pin constraints, but it tends to produce large amounts of logic replication and to only partially fill 

clusters. Hence it requires a large number of clusters to cover a circuit. 

In [56], Cong et al describe a logic block packing tool capable of targeting several different 

types of logic blocks. It uses a closeness metric to determine the desirability of putting two LUTs 

into the sarne logic block, and it respects any constraints restricting which LUTs can be packed 

together. In [56], the packing step is performed via maximum weighted matching on a graph rep- 

resenting the circuit. This is an O(nm) algonthm, where n is the number of LUTs, and m is the 

nurnbet of edges in the graph [57, 581.' For the logic clusters we study, the number of edges in 

this "closeneçs" graph, rn, is 0(n2), which would lead to an 0(n3) algorithm. 

1 .  If the edge weights are al1 integers within a limited magnitude range, algorithms with complexity some- 
what worse than O (dm), but less than O(nm) exist [58]. With m of 0(n2) this would still lead to an 
algorithm with complexity worse than 0(n2-'). 
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In [59], a greedy algorithm is used to transform a netlist of circuit blocks into a netlist of 

clusters, where each cluster contains lpproximately the same number of circuit blocks, and the 

circuit blücks in each cluster tend to be highly connected. Initially each circuit block is a cluster. 

The cccIoseness" of two clusters is a function of how many nets the two clusters share and the size 

of the cluster that would result from merging them. More formally: 

where a is a weighting factor controlling how balanced the cluster sizes should be. The two clus- 

ters with the largest closeness value are merged, and the closeness values of al1 the other clusters 

are updated to refiect the change. The merging process terminates when the number of clusters in 

the netlist falls below some user-specified value. While this algorithm was not developed for 

FPGAs, and does not understand the hard constraints on cluster size and number of inputs intrin- 

sic to logic clusters, the general approach of greedily optimizing a closeness function is highly 

adaptable, and hence of interest. 

2.2.2 Placement 
Placement algorithms determine which logic block within an FPGA should implement each 

of the logic blocks required by the circuit. The optimization goals are to place connected logic 

blocks close together to minimize the required wiring (wirelength-driven placement), and some- 

times to place blocks to balance the wiring density across the FPGA (routability-driven place- 

ment) or to maximize circuit speed (timing-driven placement). 

The three major classes of placers in use today are min-cut (partitioning-based) [60,6 1,621, 

analytic [63,64, 65,66,67,68,69] which are often followed by local iterative improvement [70], 

and simulated annealing based placers [7 1, 72, 73, 74, 75, 761. Recall that to fairly investigate 

architectures we must ensure that Our CAD tools are attempting to use al1 of an FPGA's features - 
- this means the optimization goals of our placer rnay change from architecture to architecture. It 

is much easier to add new optirnization goals or constraints to a simulated annealing based placer 

than to a min-cut or an analytic placer, so we focus on this algorithm below. 

Simulated annealing mirnics the annealing process used to gradually cool rnolten metal to 

produce high-quality metal objects [7 11. Pseudo-code for a generic simulated annealing-based 

placer is shown in Figure 2.9. A cost function is used to evaluate the quality of any placement of 

logic blocks - for exarnple, a common cost function in wirelengtb-driven placement is the sum 
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ile (ExitCriterion O = False) { /* "Outer loop" */ 
while (InnerLoopCriterion () == Fdse) { /* "Inner loop" */ 

Sn,, = GenerateViaMove (S, Riimit): 
AC = Cost (Sn,,) - Cost (S ) ;  
r = random (0,l); 
if (r c e-Acm) { 

S = Snew; 
1 

1 /* End "inner loop" */ 
T = UpdateTemp 0; 
Rlimii = UpdateRlimit (); 

/* End "outer loop" */ 
-- 

Figure 2.9: Pseudo-code of a generic sirnulated annealing-based placer. 

over al1 nets of the half-perimeter of their bounding boxes. An initial placement is created by 

assigning logic blocks randomly to the available locations in the FPGA. A large number of 

moves, or local improvements, are then made to gradually improve the placement. A logic block 

is selected at random, and a new location for it is also selected at random. The change in cost 

function that would result from moving the selected logic block to the proposed new location is 

computed. If the cost would decrease, the move is always accepted and the block is moved. If the 

cost would increase, there is still a chance of the move being accepted, even though it rnakes the 

placement worse. This probability of acceptance is given by e-Acm, where AC iis the (positive) 

change in cost function the move causes, and T is a parameter called temperature that controls the 

likelihood of accepting moves that make the placement worse. Initially, T is very high so almost 

al1 moves are accepted; it is gradually decreased as the placement is refined so that eventually the 

probability of accepting a move that makes the placement worse is very low. This ability to 

accept hill-clirnbing moves that make a placement worse allows simulated annealing to escape 

local minima in the cost function. 

The rate at which temperature is decreased. the exit critenon for tenninating the anneal, the 

number of moves attempted at each temperature (InnerLoopCritenon), and the method by which 

potential moves are generated are defined by the annealing schedule. A good annealing schedule 

is crucial to obtain good results in a reasonable arnount of CPU time. Many proposed annealing 
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schedules are "fixed" schedules that have no ability to adapt to different problems. Such sched- 

ules cm vark well within the narrow applicztion range for which they were developed, but their 

lack of adaptability means they are not very general [ T l .  Accordingly, we discuss below only 

"adaptive" ariiicaling schedules rhat determine an annealing schedule based on statistics computed 

during the anneal itself. 

Huang et al [77], developed an annealing schedule and applied it to a standard-cell place- 

ment problem. Huang's schedule performs a set of random moves on the initial placement, and 

sets the initial temperature (InitialT) to 20 a ,  where a is the standard deviation of the cost over 

these moves. New temperatures (UpdateT) are computed via: 

W , , d  -- 
u 

T n e w  = Toid  (2.2) 

where h is typically set to 0.7 and a is the standard deviation of the moves accepted at Told. The 

InnerLoopCriterion of Figure 2.9 is fairly complex for this schedule; it invoives monitoring the 

fraction of new States generated that have their costs within a certain range of the average cost at 

that temperature, and there are several special cases and fall-back cases defined. Finally, the 

anneal terminates (ExitCriterion), when the difference between the maximum and minimum costs 

accepted at that temperature equals the maximum cost change caused by any one move at that 

temperature. 

The schedule of Lam and Delosme [78], employs feedback control to set the annealing 

schedule. It monitors the standard deviation of the cost, the average cost, and the fraction of pro- 

posed moves that were accepted, a, over the past 7 rnoves. Typically 7 is 100. These values are 

inputs to a sophisticated feedback system that determines a new temperature. In this schedule, a 

new temperature is computed every move -- that is, the "inner loop" in Figure 2.9 executes only 

one iteration each time control reaches it. The anneal terminates when there has been no change 

in the average cost for the last k-T moves, where k is typically 5. This annealing schedule also 

employs a range limiter to control the move generation process. The Rlimi, parameter in Figure 

2.9 controls how close together blocks must be to be considered for swapping. Initially, Rlimit is 

fairly large, and swaps of blocks far apart on a chip are likely. Throughout the anneal, Rlimit is 

adjusted to try to keep the fraction of moves accepted at any temperature close to 0.44. If the frac- 

tion of moves accepted, a, is less than 0.44, Rlimit is reduced, while if a is greater than 0.44, Rlimi, 

is increased. 
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One disadvantage of the Lam schedule is its complexity. Fortunately, Swartz and Sechen 

have developed an annealing schedule incorporating some of the key ideas of the L n  schedule, 

and which achieves equivalent quality, but is much less complex 1791. In this schedule, the num- 

ber of rnoves attemptea in the "inner loop" is 10 . N ~ ~ ~ ~ ~ ' ~ ~ ~ .  The range limiter, Rlimit is ~ipdatzd 

according to a fixed (hardtoded) schedule; the exact form of this is not specified, but it likely ini- 

tially spans the entire chip, and gradually shrinks to a small reg ion. The "outer loop" is executed 

150 times, and then the anneal terminates. The temperature is controlled by the fraction of moves 

accepted: 

where 0.44 is desired acceptance rate, and 40 is a damping coefficient to prevent wild oscillations 

in temperature. While this schedule is much sirnpler than Lam's, it has sacnficed some of the 

adaptability of the Lam schedule, since the range limiter variation and the number of outer loop 

iterations are now hard-coded. 

Since the amount of routing in FPGAs is limited and set by the manufacturer when the 

FPGA is fabricated, some FPGA placers attempt to optimize not just the wirelength of a place- 

ment, but also its routability. [80] describes a simulated annealing based placer that targets the 

Triptych FPGA developed at the University of Washington. Its cost function incorporates not 

only a bounding-box wirelength tenn, but also a "porosity" term that monitors the fraction of 

logic blocks in a local area that are being used. Since the Triptych FPGA is usually unroutable in 

regions where the logic blocks are completely used, maintaining a porosity of 50% or so across 

the FPGA is essential. In [8 1, 821 simulated annealing is used in a tool that performs placement 

and routing simultaneously in one combined step. After any swap of blocks, al1 the affected nets 

are re-routed via a maze router. To keep the CPU time reasonable, this maze router is constrained 

to look at only a small number of potential routes when the temperature is high; at lower tempera- 

tures, the router is allowed to spend more time looking for routes. If no suitable route is found 

among the allowed candidates, the net is marked as currently unroutable, and the placement cost 

is increased. The result quality of this tool is high, but the CPU time required is very large -- a cir- 

cuit containing only 461 Xilinx 4000 logic blocks required 11 hours of CPU time to place and 

route, and the complexity of this algorithm appears to be approximately 0(n3). FPR [83] is a par- 

titioning-based algorithm that performs placement and global routing sirnuItaneously, again in an 
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attempt to maximize circuit routability. 

Some work has also been done in routîbility-driven standard ceIl placement that is applica- 

bie to FPGAs. [84] descnbes a simulated annealing placer that divides a chip into many subre- 

giûns and estimates the demand for winng in each region. This demand is compared to the supply 

of routing in each region, and when the expected demand outstrips the routing supply in some 

regions t k  placement is penalized by having its cost increased. Dividing the chip into subregions 

and estimating wiring demand makes localized congestion visible, and merely estimating the wir- 

ing demand in a region is faster than actually routing each placement proposed dunng the anneal. 

2.2.3 Routing 
Once locations for al1 the logic blocks in a circuit have been chosen, a router determines 

which programmable switches should be turned on to connect al1 the logic block input and output 

pins required by the circuit. In FPGA routing, one usually represents the routing architecture of 

the FPGA as a directed graph [8 1.80J. Each wire and each logic block pin becomes a node in this 

rvuting-resource graph and potential connections become edges. Some prior research has repre- 

sented FPGAs as undirected graphs [85], but a directed graph representation is needed if direc- 

tional switches, like tri-state buffers and multiplexers, are to be modelled correctly. 

Routing a connection corresponds to finding a path in this routing-resource graph between 

the nodes representing the logic block pins to be connected. To avoid using up too many of the 

limited number of wires in an FPGA, one wants this path to be as short as possible. As well, it is 

important that the routing for one net not use up routing resources another net needs, so most 

FPGA routers have some kind of congestion avoidance scheme to resolve contention for routing 

resources. An additional optimization goal is to make nets on or near the critical path fast by rout- 

ing them using short paths and fast routing resources. Routers that attempt to optimize timing in 

this way are called timing-driven, whereas delay-oblivious routers are purely routability-driven. 

Since rnost of the delay in FPGAs is due to routing, timing-driven routing is crucial to obtain good 

circuit speeds. 

FPGA routers can be divided into two groups. Combined global-detailed routers [80, 85, 

86, 87,88,89,90,9 11 determine a complete routing path in one step, while two-step routing algo- 

nthms first perform global routing [92, 931 to detemine which logic block pins and channel seg- 

ments each net will use, and then perfom detailed routing [94, 95, 96, 301 to determine the 

wire(s) each net will use within each of the specified channe1 segments. A channel segment is the 
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length of routing channel that spans one logic block -- a channel that spans M logic blocks con- 

tains M channel segments. The task of an FPCJA detailed router is often difficult or impossible 

kcause FPGA routing has liînited fiexibility and the detailed router is highly constrained by ihe 

decisions the global router made about which channel segments each net must use. Combined 

p:obz!+detaile3 routers have the potential to more fully optimize the routing, since they are free of 

such constraints. 

Of the routers listed above, only those of [80,90,89] use timing analysis (see Section 2.2.5) 

to determine which nets are closest to the critical path so they can be given priority for fast routing 

paths. Since much of Our work is concemed with timing-driven routing, we will focus on these 

three algorithms. At their core, al1 these routers use vanants of maze routers [97] to connect the 

terminds of each net. A maze router essentially consists of running Dijkstra's algorithm [98] to 

find the shortest (lowest total cost) path between a net source node and a net sink node in a rout- 

ing-resource graph. A11 of these algorithms perform multiple routing iterations in which some or 

al1 of the nets are ripped-up and rerouted by different paths to resolve cornpetition for routing 

resources or improve circuit speed. Both [89] and [go] use timing analysis only to help identify 

good nets to rip-up and re-route -- nets which are likely to lead to a circuit speed-up if they can be 

rerouted using a faster path. Ripping-up and re-routing these nets only changes the net ordering, 

however; they are al1 routed by the same maze routing algorithm, regardless of how timing-critical 

they are. The PathFinder negotiated congestion-delay algorithm [80] uses a more sophisticated 

technique in which the congestion-delay trride-off of each net is controlled by how timing critical 

it is. In other words, a timing-critical net will be routed by a minimum delay path even if it is con- 

gested, while a non-timing-critical net will take a longer, uncongested path. This algorithm pro- 

duces excellent results and incorporates severd important ideas, so we describe it in detail below. 

Pathfinder repeatedly rips-up and re-routes every net in the circuit until al1 congestion is 

resolved -- this idea is due to Nair [99]. Ripping-up and re-routing every net in the circuit once is 

called a routing iteration. During the first routing iteration, every connection is routed for mini- 

mum delay, even ifthis leads to congestion, or overuse, of some routing resources. A circuit rout- 

ing in which some routing resource is overused, such as a wire being used by two different nets, is 

not a legal routing. Consequently, when overuse exists at the end of a routing iteration, another 

routing iteration (or more) must be performed to resolve this congestion. After each routing itera- 

tion the cost of overusing a routing resource is increased, so that the probability of resolving al1 

congestion increases. At the end of each routing iteration we have a complete, but potentidly 
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somewhat illegal, routing. We can therefore determine the net delays from this routing, and per- 

form a full timing analysis to compute the slack (see Section 22 .5 )  of each source-sink connec- 

iion. These slack values are used ir. the next routing iteration to control how much attention each 

connection pays to deky, a d  how murh is paid to congestion-avoidance. Pseudo-code for the 

algorithm is given in Figure 2.10. 

The criticality of the connection from the source of net i to one of its sinks. jT is: 

where Dm, is the delay of the circuit critical path, and slack(ij) is the amount of delay that could 

be added to this connection before it affected the circuit's critical path. Crit(i,j) is therefore 

Let: RT(i) be the set of nodes, n, in the current routing of net(i). 

Crit(i,j) = 1 for a11 nets i and sinks j; 
while (overused resources exist) ( I* Illegal routing? */ 

for (each net, i )  { 
rip-up routing tree RT(i) and update affected p(n) values; 
RT(i) = NetSource(i); 

for (each sink, j, of net(i) in decreasing crit(i,j) order) { 
PriorityQueue = RT(i) at PathCost(n) = crit(i,j)-delay(n) for 

each node n in RT(i); 
while fsink(i,j) not found) { 

Remove lowest cost node, m, from PriorityQueue; 
for (al1 fanout nodes n of node m) { 

Add n to PriorityQueue at PathCost(n) = 
Cost(n) + PathCost(m); 

1 
1 

for (al1 nodes, n, in path from RT(i) to sink(ij)) { /* Backtrace */ 
Update p(n); 
Add n to RT(i); 

1 
1 

1 

Update h(n) for dl n; 
Perform timing analysis and update Crit(i,j) for al1 nets i and sinks j; 

} /* End of one routing iteration */ 
-- 

Figure 2.10: ~seudo-code of the pasfinder routing algorithm. 
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between O and 1. 

The cost of using a routing resource node, n, as part of connection (ij)  is 

Cost(n) = Crit(i, j )  . delay(n) + [ 1 - C'rit(& j) j . [ b ( n  j t l i (n)]  - p ( n )  . ( 2 . 3  

The first terni in (2.5) is [ne delay sensitive term -- the criticality of the coniiection timcs the 

intrksic delay of the node. The second term is the congestion sensitive term. b(n) is the base cost 

of node n, and is set equal to delay(n) in [go]. h(n) is the historical congestion of nodc ri; it is 

increased after every routing iteration in which node n is overused and gives the router "conges- 

tion memory." p(n) is the present congestion cost of node n; it is 1 if using this node to route the 

current connection will not cause any overuse, and increases with the amount of ovenise of the 

node. p(n) is also a function of the number of routing iterations that have been performed. In 

early iterations, p(n) grows slowly with the current overuse of node n; in later iterations, p(n) goes 

up very rapidly with overuse of node n. 

The excellent performance of Pathfinder is due to two innovations: allowing overuse of 

routing resources, and using the cost function of (2.5) to allow congestion to gradually be 

resolved, and timing to be directly optimized. By slowly increasing the cost of congestion, via 

p(n) and h(n), as more routing iterations are perforrned, connections that are on or near the critical 

path tend to take the fastest paths and stay there, while less timing-critical connections are gradu- 

ally forced off any overused nodes ont0 slower paths. 

Notice that the router of Figure 2.10 uses a breadth-first search through the routing resource 

graph to connect net terminals. The creators of Pathfinder [80] also describe an enhancement to 

the basic algorithm that uses an A*, or directed, search [100] to speed execution. In Figure 2.10 a 

node is added to the prionty queue with a PathCost equal to the surn of al1 the node costs dong the 

path up to and including it. To convert this to an A* search, one simply adds this terrn to a lower 

bound on the sum of the node costs needed to reach the target sink from the current node; the 

result is then used as the sort value when the node is added to the prionty queue. 

Finally, Ebeling et al [80] also describe a purely routability-driven variant of the Pathfinder 

router, which they cd1 the Pathfinder negotiated congestion algorithm. This algonthm simply sets 

the criticality of every net, crit(ij), to O so that the cost of a node is given solely by the congestion- 

sensitive term in (2.5). As well, this router connects the current routing tree to the first net sink 

found, rather than a pre-determined target sink, during maze expansion. 

The router used in the simultaneous placement and routing tool developed by Nag [8 11 has 

one unique feature of interest. This router is again rnaze-router based, and it is targeted at Xilinx 
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XC4000 series FPGAs. When routing a multi-terminal net, a maze router will typically route to 

the closest sink, and then use this partial rcuting as the source (stan point) when it attempts to 

route to the next closest sink, and so on. This can cause problems wher: routing high-fanout nets 

on FPGAs that coritain some long wire segments. High-fanout nets typically span most of the 

FPGA, but the distance from one sink to the next closest sink is usually unly a few logic blocks. 

Conseq~eiitlv, a traditional maze router, that iooks only at how to connect the partial routing to the 

next closest sink, will tend to use short wires to build the routing trces for high-fanout nets, even 

though using longer wires would be more efficient and result in faster nets. Nag solved this prob- 

lem by drarnatically reducing the cost of using a long line when the net bounding box spanned 

most of the FPGA. The router then saw the cost of using a long wire to be less than that of even 

one short wire, so it would use long lines to connect even to nearby sinks and construct a routing 

tree of long wires for high-fanout nets. This idea of varying the cost of resources depending on 

the type of connection being routed, or dynamic weighting, is a powerful one; in some sense Path- 

finder's varying the weighting of delay and congestion according to the criticality of the connec- 

tion being routed is another example of this idea. 

One shortcoming of current non-commercial timing-driven FPGA routers is that they are 

designed to optimize only the linear delay model, in which every routing resource has a fixed 

delay.' Most FPGAs contain at least some pass transistor switches in their routing, so the delay of 

a routing resource actually depends on the topology of the net using it. As well, since the FPGAs 

we study in Chapter 7 include buffers in the routing, the router must understand when to use a 

buffered switch and when to use a pass transistor. Unfortunately, no non-commercial FPGA 

router is "buffer-aware." The Xilinx commercial router [101] is buffer-aware and uses the Pen- 

field-Rubinstein [102] delay model during routing. It is likely that the routers of other FPGA 

companies whose products contain a mix of pass transistors and buffers are also buffer aware, but 

to Our knowledge the aigorithms used by these other companies have never been made public. 

Considerable work has been done in the standard ce11 and MPGA routing areas on routing 

under more accurate delay models [ 103, 104, 105, 106, 107, 108, 109, 1 10, 1 1 1, 1 12, 1 13, 1 14, 

1 15, 1 161 and buffer insertion [117, 1 18, 1 19, 120, 12 11. However, much of this work is not eas- 

ily applicable to the FPGA routing problern because: 

1 .  SEGA can use a more advanced delay model, but [32] showed that SEGA achieved better speed with a 
cost function that emphasized recombining the two-point nets passed to it by the global router into multi- 
terminal nets than it did with this delay-based cost function. 
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1. MPGA routers can choose exactly where they want wires. how long these wires should 

be, and where buffers shouid be placed. Since al1 FPGA routing resources are prefabri- 

cated, however, FPGA routers are constrained to choose from a set of prefaàricated wires 

and switches. The flexibility of FPGA routing is low enough that if the router decides to 

connect two wires together it usually has no further choice about whether to insert a 

buffer or not at the join. Thrre is usiialiy only one switch that can connect these two 

wires, and whether it is a buffer or a pass transistor wris determined when the FPGA was 

fabncated. In graph theoretic terms, FPGA routing consists of finding Steiner trees 

embedded in a graph, while MPGA routing consists of finding Steiner trees embedded in 

the Manhattan plane [85]. 

2. The complexity of many MPGA routing algoritlims is quite high -- 0(k3) to 0(k4) is 

common, where k is the number of tcrminals on a net. Since we will be routing circuits 

with thousands of nets, and a few of these nets have hundreds of terminais, we must use 

algorithms with reasonably low (ideally linear) complexity [122]. 

Nonetheless, some ideas from the MPGA world are relevant to our work. For example, in 

the absence of congestion, PathFinder attempts to greedil y optimize a combination of wirelength 

and (linear delay model) delay to a net's sinks, which is similar to the approach of [IOSI. In a sim- 

ilar vein, [104] and [106] attempt to greedily optimize a combination of the Elmore delay and 

wirelength; it should be possible to adapt these algorithms to FPGAs. The time complexity of 

these algorithms is quite high, however. The algorithm of [106] is 0(k4), and while the authors do 

not give the complexity of their algorithm in [104], it appears to be at least 0(k3). Since adapting 

these dgot-ithms to FPGAs involves routing within a large routing-resource graph. their cornplex- 

ity may increase even further and make them impractical. 

2.2.4 Delay Modelling 
One must compute the delay of a route from a net source to any of its sinks in order to: 

1. Determine the speed of a circuit after it has been routed, and 

2. Deterrnine the delay of different net topologies during routing. 

Ideally, one would use a circuit sirnulator such as SPICE to obtain highly accurate delay 

estimates, but the CPU time required to run SPICE on the thousands of nets in a typical circuit is 

prohibitive. Instead previous researchers have modelled pass transistors as linear resistors and 
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wires as an RC pi-network, so that a net's routing may be modelled as  an RC-tree [18]. In [18], 

the Pezfield-Rubinstein dclay model [102j wat; then used to determine an upper and lower bound 

on the delay of the Rî-tree to each of the net sinks. An alternative to the Penfield-Rubinstein 

model is the Ehore  delay i1231, which is the most widely used delay estimate in routing research 

[ 1031. The Elmore delay ivas onginally defined only for RC-trees, but it has been combined with 

a common model of buffer delay to allow its use with circuits that contain buffers, as well as 

resistors and capacitors [107]. Each buffer is modelled by a constant delay and a resistor. The 

constant delay accounts for the intrinsic delay of the buffer, while the resistance accounts for the 

load-dependence of the buffer delay. Figure 2.1 1 shows the RC-mode1 for each of the three ele- 

ments of FPGA routing. Note that pass transistors and buffers attached to a wire add parasitic 

capacitance regardless of whether they are on or off.' 

The EImore delay of a source-sink path is then [107]: 

i E Source-sink path 

where Td i is the intrinsic delay of a buffer if element i is a buffer, and O otherwise. Ri is the equiv- 

dent resistance of element i (RwiR, Rbuf, or R,,). In (2.6). C(subtreei) is the total capacitance of 

the dc-connected subtree rooted at element i -- that is the total downstream capacitance which is 

not isolated by buffers. 

control 

1 
n 

pass transistor 

If "on" If "off' 

tri-state buffer 

wire - - - - 
Figure 2.11: Equivalent circuits for FPGA routing elements. 

Notice that we model the capacitance of boîh "on" and "off* pass transistors as being purely due to diffu- 
sion capacitance. In fact the capacitance of an "on" p a s  transistor is larger han that of an " o r  pass 
transistor, since the channel created when a transistor is "on" has capacitance to the gate and to the sub- 
strate. Since relatively few pass transistors are "on" at any time and most of the capacitance in an FPGA 
is metal capacitance, the error in total capacitance caused by thîs approximation is srnaIl(- 1 % to 2%). 
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The Elmore delay of an RC-tree can be computed in linear time, and we will show in Sec- 

tion 7.2.3 that its accuracy is quite good. As well, [124, 1251 shnwed that even when the Elmore 

delay is somewhat inaccurate it still tends to have high fiddity. That is. it still tends to rank the 

speed of diffe,nt rûuting topologies correctly. This is a useFül k tu r e ,  as it means that the rela- 

tive comparisons of topologies made by a router using it will correctly rank the alternatives, and 

thrit comparisons of FPGA architecture speed made via Elmore delay will correctly rank the dif- 

ferent architectures. 

2.2.5 Timing Analysis 
Timing analysis [ 1261 is used for two basic purposes: 

1. to determine the speed of circuits which have been completely placed and routed, and 

2. to estimate the slack of each source-sink connection during routing (or other parts of the 

CAD flow) in order to decide which connections must be made via fast paths to avoid 

slowing down the circuit. 

Normally one performs timing analysis on a directed graph representing the circuit structure 

[126]. Nodes represent the input pins and output pins of basic circuit elements, such as registers 

and LUTs, and edges are dded between the inputs of combinational logic blocks (e.g. LUTs) and 

their outputs and between pins which the circuit netlist specifies are connected. Each edge is 

annotated with the delay required to pass through the circuit element or routing. Register input 

pins are not joined to register output pins -- register outputs have no edges incident to them, and 

register inputs have no edges leaving them. Similarly, pnrnary inputs (input pads) have no inci- 

dent edges, and primary outputs (output pads) have no exiting edges. Figure 2.12 shows a simple 

Primary InA 

2 ns 
5 ns 

LUTB 0.5 
Reg. 

3 ns 
T 2 ns 

Primary 
output - 

Out 

Figure 2.12: The timing graph for a simple circuit. 
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circuit implemented via 2-input LUTs and registers, and the corresponding timing graph. 

One can determine the minimum required clock period with O(n) computation for a timing 

graph with n nodes via a breadth-first traversal of the timing graph. The traversal begins at nodes 

with iio incident edges (primary inputs and register outputs) and labels each with a signal arri'va: 

tirne, Td,,,, of O. Each node whicn has incident edges only from labelled nodes is then IabelIed 

with its amvai time according to 

TarNvai( i )  = M a x a j ,  { Tarrivar(j) + delay (J* i) 1 (2.7) 

where node i is the node being labelled, and delay (i,i) is the delay value marked on the edge join- 

ing node j to node i. This procedure continues until every node in the graph has been labelled. 

The node with the largest arrival time, which will always be a primary output or a register input, 

then defines the maximum delay, Dm,, (= minimum clock period) through the circuit. In Figure 

2.12, for example, the arrival tirne at node Out is 12 ns, and this is the largest amval time, and 

hence the maximum delay, in the circuit. 

The above procedure is sufficient to determine the speed of a circuit, but during routing we 

aiso want a metric indicating how important each source-sink connection is in tems of its effect 

on the circuit's delay. The slack of a connection is defined as the amount of delay which could be 

added to this connection without increasing the minimum cycle time of the circuit (if the delays of 

al1 other connections remained constant). To compute the slack, we perforrn a second breadth- 

first traversal of the timing graph. This time each node with no outward edges has its required 

time, Trequired, set to Dm, and a backward breadth-first traversal of the graph is perforrned to 

label the remaining nodes. The required time of any node with fanout (outward edges) is 

Trcquired(i) = Minvj /,n,,,,(i] { Trequir&) - deza~!i~ j) 1 (2.8) 

The slack of the connection from node i to node j is then 

~Iack(& j )  = Tmquired(j) - Tarrivar(i) - deZay (i, j )  (2*9) 

Connections with a slack of zero are on the circuit critical path -- any increase in the delay of such 

a connection will lead to a corresponding increase in the circuit's delay. Connections with large 

slacks, on the other hand, could be routed via significantly slower paths without afFecting a cir- 

cuit's delay. In Figure 2.12, for example, the slack of the connection between InA and LUTA is O, 

while the slack between InB and LUTB is 7.5 ns. 

Slack allocation [127, 128, 901 is used to determine a set of upper bounds on connection 
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delays from a set of slacks, such that the circuit speed is guaranteed not to decrease as long as 

each connection is routed with delay less than its upper bound. Some timing-dnven placement 

ar.d roiiting tools require such upper bounds to guide them, while other tools work toith the net 

slack values direcily. 

Sürnmary 
In this chapter we first reviewed the basics of FPGA architecture. We then detailed the ter- 

minology used to describe FPGA logic blocks and FPGA routing architecture, and presented 

some of the important prior research into both areas. In the second half of the chapter, we 

described the CAD fiows used with FPGAs. We focused particularly on algorithms for logic 

block packing, placement and routing, and described some of the strengths and weaknesses of 

prior approaches. Finally, we described the delay modelling and timing analysis procedures used 

both to determine how fast a circuit will operate, and to help guide timing-driven CAD tools. 

The next chapter descnbes the CAD tools we developed to perform logic block packing and 

placement within an FPGA. Chapter 4 describes the new FPGA router we have developed. Our 

placement tool is simulated annealing based, and Our router makes use of many of the ideas of the 

Pathfinder algorithm. Since both simulated annealing and Pathfinder were descri bed in this chap- 

ter, Chapters 3 and 4 will focus on the new ideas and enhancements in these tools. 

Chapters 5, 6 and 7 then apply these CAD tools to investigate three different aspects of 

FPGA architecture: global routing architecture, logic block clusters, and detailed routing archi- 

tecture. 
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Chapter 3 

C A 3  Tools: Packing and Placement 

This chapter descnbes the logic block packing tool we developed to target cluster-based 

logic blocks and the new and novel parts of Our FPGA placement tool. 

A key goal for these tools, and of the router discussed in Chapter 4, is to be able to target a 

wide variety of FPGA architectures in order to enable architectural exploration. Furthemore, 

these tools should be responsive to the variation of the FPGA architectural parameters -- they 

should directly optimize for the different features of the FPGAs we investigate. Finally, we 

wanted the result quality of the tools to be high, since low-quality tools can lead to inaccurate 

architectural conclusions. 

3.1 Logic Block Packing 
Recall that the logic block packing problem (introduced in Section 2.2.1) consists of pack- 

ing the LUTs and registers output by a LUT-based technology mapping prograrn into larger logic 

blocks. The next section describes the exact structure of the "cluster-based" logic blocks we wish 

to target, and Section 3.1.2 details the algorithm we have developed to pack LUTs and registers 

into these logic blocks. While Altera has an in-house tool targeting cluster-based logic blocks and 

Xilinx has an in-house tool targeting the "cluster-like" logic blocks of the 5200 FPGA, we know 

of no published work describing algorithrns that target cluster-based logic blocks. 

3.1.1 Cluster-Based Logic Blocks 
The structure of a cluster-based logic block, which we also cal1 a logic cluster, is shown in 

Figure 3.1 [8, 91. The cluster-based logic blocks we investigate have a two-level hierarchy: the 

overall block is a collection of basic logic elements (BLEs). As shown in Figure 3. la, Our basic 
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Figure 3.1: Structure of (a) basic logic element (BLE) and (b) logic cluster. 

logic element consists of a LUT and a register, and the BLE output can be either the registered or 

unregistered version of the LUT output. This is how many commercial FPGAs combine a LUT 

and a register to create a structure capable of implementing either combinational or sequential 

logic. The complete logic block contains N BLEs and local routing to interconnect them, as 

shown in Figure 3.1 b. 

A logic cluster is described with the following four parameters: 

1. the size of (number of inputs to) a LUT (K), 

2. the iiumber of BLEs in a cluster (N), 

3. the number of inputs to the cluster for use as inputs by the LUTs (1), and 

4. the number of clock inputs to a cluster (for use by the registers), McIk. 

In this dissertation, we focus on logic clusters in which the LUT size, K, is 4 and the number 

of clock pins on a cluster, Mck, is I -- this is the case shown in Figure 3.1. Nonetheless, the 

VPack logic block packing tool is capable of targeting logic clusters with different values of K 

and Melk [129]. 

As Figure 3.1 shows, not dl K-N look-up table inputs are accessible from outside the logic 
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cluster. Instead, only I extemai inputs are provided to the logic cluster -- rnultiplexers allow arbi- 

trary connections of these cluster inputs to the BLE inputs. The same multiplexers also connect to 

each of the N BLE outputs, allowing the output of any BLE within the cluster to be connected to 

any of the BLE inputs. Al1 N outputs of the logic cluster can be connected to the FPGA routing 

for use by other logic clusters. 

Notice that each of the BLE inputs can be connected to any of the cluster inputs or any of 

the BLE outputs. Logic clusters are therefore fully-connected. This is a useful feature, as it sim- 

plifies Our CAD tools considerably. For example, determining if al1 the appropriate signals can be 

connected to the BLE inputs reduces to counting the number of different input signals needed by 

the BLEs in a cluster that are not generated within the cluster, and comparing it to the number of 

cluster inputs, I. The logic cluster used in the Altera 8K and 1OK FPGAs is fully connected [7], 

and the logic block used in the Xilinx XC5200 FPGA is nearly fully connected [1  O]. 

3.1.2 The VPACK Logic Block Packing Tool 
Our logic block packing tool, VPack, takes as input a netlist of LUTs and registers, and out- 

p u t ~  a netlist of logic clusters. The parameters describing the exact logic cluster to be targeted (N, 

1, K, and Melk) are al1 specified on the command line; VPack can target a logic cluster correspond- 

ing to any combination of these parameters. VPack groups the LUTs and registers into logic clus- 

ters in two stages: first, it packs LUTs and registers together into BLEs, and then it packs multiple 

BLEs into logic clusters. The entire algorithm is outlined via pseudo-code in Figure 3.2, and is 

described in detail below. 

The first stage of the algorithm uses a simple and optimal pattem matching algorithm to 

pack a register and a LUT together into one BLE whenever possible. Figure 3.3 shows that when 

the output of a LUT fans out only to a single register, both the LUT and register can be packed 

into a single BLE. Any other interconnection pattem requires that a LUT and register be assigned 

to two separate BLEs. 

Figure 3.3: Packing LUTs and registers into BLEs. 
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Let: UnclusteredBLEs be the set of BLEs not contained in any cluster 
C be the set of BLEs contained in the curent cluster 
LogicClusters be the set of clusters (where each cluster is a set of BLEs) 

UnclusteredBLEs = PattemMatchToBLEs (LUTs, Registers); 
LogicClusten = NULL; 

while (UnclusteredBLEs != NULL) { /* More BLEs to cluster */ 
C = GetBLEwithMostUsedInputs (UnclusteredBLEs) ; 
while (ICI < N) { /* Cluster is not full */ 

BestBLE = MaxAttractionLegalBLE (C, UnclusteredBLEs); 
if (BestBLE = NULL) /* No BLE can be added to cluster */ 

break; 
UnclusteredBLEs = UnclusteredBLEs - BestBLE; 
C = C u BestBLE; 

if (ICI < N) { /* Cluster nct full -- try hill-climbing */ 
while (ICI < N) ( 

BestBLE = MinClusterInputIncreaseBLE (C, UnclusteredBLEs); 
C = C u BestBLE 
UnclusteredBLEs = UnclusteredBLEs - BestBLE; 

1 
if (ClusterIsIllegal (C) 

RestoreToLastLegalState (C, UnclusteredBLEs); 
1 

LogicClusters = LogicClusters u C; 
1 

Figure 3.2: Pseudo-code for VPack. 

The second, and more cornplex, stage of VPack packs these BLEs into logic clusters. The 

optimization goals are twofold. First, we want to fil1 each logic cluster to its capacity, N, in order 

to minimize the number of logic blocks needed. Second, we want to minimize the number of 

inputs to each cluster in order to reduce the number of connections to be routed between clusters, 

and hence enhance routability.' To be packed into a single logic cluster, a group of BLEs must 

satisfi three conditions: 

1. The number of BLEs must be less than the cluster size, N; 

2. The number of distinct signals generated outside the cluster and used as inputs to the 

1 .  One could also optimize circuit speed by trying to pack BLEs such that connections likely to be on the 
criticai path are made via the fast local interconnect within a logic cluster. Such timing-driven logic clus- 
ter packing is beyond the scope of this work, but is a fertile area for future research [130]. 
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cluster BLEs must be less than or equal to I; and 

3. The number of different clocks used by the BLEs must be less than Melk. 
VPack constructs each cluster sequentially. The algorithm has two phases: an initial phase 

that greedily packs BLEs into a cluster, and a hill-climbing phase that is invoked only if the 

greedy phase is unable to completely fil1 a cluster. The greedy phase begins by choosing a seed 

BLE for the current cluster. We have found that the best way to choose this seed is to select the 

unclustered BLE with the most used inputs, as such BLEs use the most cluster inputs, which are a 

scarce resource. Next, VPack selects the BLE with the highest attraction to the current cluster 

which could legally be added to the current cluster, and adds it to the cluster. The attraction 

between a BLE and the current cluster is the nurnber of inputs and outputs they have in common: 

Attraction(BLE) = INets(BLE) n Nets(C)I (3.1) 

where C denotes the current cluster. This attraction function tends to group related BLEs into 

clusters, and minimize the number of distinct inputs to cluster. A BLE with a high attraction to 

the current cluster will not be added to the cluster if it would result in an illegal cluster -- a cluster 

that needs more than I inputs, or more than hl& different clocks. 

This procedure of greedily selecting a BLE to add to the current cluster continues until 

either the cluster is full or adding any unclustered BLE would rnake the current cluster illegal. If 

the cluster is full, we select a new seed BLE and begin packing BLEs into a new cluster. If how- 

ever, the cluster occupancy is less than N and we cannot add any BLEs because of a lack of cluster 

inputs, a second, hill-climbing, phase of VPack is invoked. 

Since we know that any clusters that reach this second phase will be difficult to pack to 

capacity, VPack now selects BLEs to add to the cluster in order to minimize the increase in the 

number of cluster inputs required. The number of additional cluster inputs required when a BLE 

is added to a logic cluster is simply 

*cluster inputs ( B L E )  = IFanin(BLE)I - Attraction(BLE) . (3 -2) 

In this hill-climbing phase, VPack also allows BLEs to be added to a cluster even if it results in a 

cluster that is infeasible because it needs more than I inputs (but it does not allow the number of 

clocks to exceed Melk). Note that adding a BLE to a cluster in which al1 of its inputs are already 

present, and in which the output of the BLE is used by some other BLE already in the cluster 

decreases the number of distinct inputs to the cluster by one. Figure 3.4 shows this situation. 

This is the key to the hill-climbing phase; while adding one BLE to a cluster makes it infeasible, it 
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Figure 3.4: Adding a BLE to a cluster can decrease the number of used cluster inputs. 

may become feasible again when additional BLEs are added. The hill-climbing phase terminates 

when the cluster is full; if the cluster is still infeasible VPack backs up to the last point at which 

the cluster was feasible. VPack then selects a seed BLE for the next cluster and invokes the first 

phase again, as before. 

The hill-climbing phase leads to only a small improvement in the number of BLEs packed 

into each cluster, which we cal1 logic utilization, vs. using the greedy phase alone. Many circuits 

show no improvement, while others show only 1 - 2% gains in logic utilization. The overall aver- 

age logic utilization improvement is under 1%. A likely reason for this small improvement is that 

the greedy first phase of VPack works very well for clustering problems of this type. It is possi- 

ble, however, that the small improvement is because of the limited type of hill-climbing we are 

allowing. Logic replication moves could be added to the hill-climbing phase in a very naniral 

manner, and this would likely improve the utility of hill-climbing. 

This packing algorithm is very efficient. The largest benchmark circuit used in this thesis 

contains 838 1 four-input LUTs and 33 registers -- packing these LUTs and registers into logic 

clusters requires less than 1 second of CPU time on a 300 MHz Ultrasparc workstation. The 

complexity of the algorithm is O(k,,X-n), where km, is the maximum number of terminais on 

a net, K is the number of inputs to each LUT, and n is the number of LUTs plus the number of reg- 

isters in the circuit. 

3.2 Placement: VPR 
The Versatile Place and Route (VPR) CAD tool performs placement and either global rout- 

ing or combined global-detailed routing for FPGAs [15. 1291. The name Versatile Place and 

Route reflects the primary goal in this tool's design: be able to target a wide variety of FPGA 

architectures. In the following sections we describe the capabilities of and algorithms used in the 
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VPR placement tool. In Chapter 4, the routing portion of VPR is described. 

3.2.1 Overview of the VPR Placement Tool 
In VPR, an FPGA is modelled as a set of legal slots. or discrete locations, at which logic 

blocks or I/0 pads cm be placed. In keeping with the versatility design goal, an FPGA architec- 

ture description file speci fies: 

The number of logic block input and output pins, - The number of V 0  pads that fit into one row or one column of the FPGA, and - The relative widths of the various routing channels across the FPGA. 

The dimensions of the logic block array must also be set; if these are not specified on the 

command line, the smallest logic block array that will fit the circuit is used. 

In Figure 3.5, for example, two VO pads fit into each row or column of the FPGA, the logic 

block array is 4 x 3 logic blocks, and the channels between the logic block array and the UO pads 

are only half as wide as those within the logic block array. Notice that perimeter I/0 is assumed 

(i.e. wire-bonded pads, rather than Rip-chip), so W 0  blocks can only be placed on the edges of the 

FPGA. 

Users can have VPR determine good locations for the VO pads during placement, or they 

can lock the W 0  pads in a configuration specified by an input file, or have VPR generate a random 

locked I/O configuration. This last capability allows the tool to measure the effect of random pin 

assignment on different architectures -- an important issue in FPGAs [131]. Locked UOs occur 

frequently in real FPGA designs, since the circuit board on which an FPGA is mounted is often 

fabricated before the FPGA circuit design is competed. In such cases, the placement tool must 

keep the circuit VOS in the locations required by the circuit board design. 

Wide 
c hanne 

Narrow 
channel 

1 loc k 

Y0 pad 

Figure 3.5: FPGA mode1 assumed by VPR placer. 
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VPR uses the simulated annealing algorithm, which was described in detail in Section 2.2.2. 

Since the basic application of simulated annealing to placement is well known, the following sec- 

tions focus on the aspects of Our implementation that are improvements to the prior art. 

3.2.2 New Adaptive Gnnealing Schedule 
As described in Section 2.2.2, a good mnealing schedule is essential to obtain high-quality 

solutions in a reasonable computation time with simulated annealing. Recall that an annealing 

schedule specifies the number of moves to attempt per temperature, how temperature varies 

throughout the anneal, and when the anneal should terminate. Our placement tool targets many 

different FPGA architectures, can use several different cost functions, and is used with a wide 

variety of circuits that span a large range of sizes. Consequently, we need an annealing schedule 

that automatically adapts to the current placement problem; fixed annealing schedules will not 

work well. We have developed a new schedule that incorporates some of the best features from 

the Huang et al [77], Lam and Delosme [78] and Swartz and Sechen [79] schedules, while using a 

new temperature update scheme and exit criterion. 

Three parts of this annealing schedule are taken from prior work. First, we compute the ini- 

tial temperature in the same way as Huang et al [77]. Let Nblocks be the total number of logic 

blocks plus the number of VO pads in a circuit. We first create a random placement of the circuit. 

Next, we perform Nblocks moves (painvise swaps) of logic blocks or I/0 pads, and compute the 

standard deviation of the cost of these hiblocks different configurations. The initial temperature is 

set to 20 times this standard deviation, ensuring tha: virtually every move is accepted at the start 

of the anneal. 

The second feature of our annealing schedule taken from prior work is the number of new 

placement configurations evaluated at each temperature. As in [79], we set the number of moves 

per temperature to 

4/3 MovesPerTemperature = InnerNum - (Nblocks)  (3.3) 

where the default value of InnerNum is 10. This default number can be overridden on the com- 

mand line, however, to allow different CPU tirne I placement quality trade-ORS. Reducing the 

number of moves per temperature by a factor of 10, for exarnple, speeds up the placer by a factor 

of 10 and reduces the final placement quality by less than 10%. 

It was shown in [78,79] that it is desirable to keep the fraction of moves accepted, a, near 
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0.44 for as long as possible. We accomplish this in the same way as [78], by using the value of a 

to control a range limiter -- only interchanges of blocks that are less than or equal to Riimi, units 

apart in the x and y directions are attempted. A small value of RIimit increases a by ensuring that 

only blocks which are close together are considered for swapping. These "local swaps" tend to 

result in relatively small changes in the placement cost, increasing their probability of acceptance. 

hitially, Rlimi, is set to the span of the entire chip. Whenever the temperature is reduced, the 

value of Rlimit is updated according to the value of a measured at the old temperature: 

new old Rlimir = RIimir + ( 1 - 0.44 + a) 
and then clamped to the range 1 S Riimit I maximum FPGA dimension. This results in Rlimil 

being the size of the entire chip for the first part of the anneal, shnnking gradually during the mid- 

dle stages of the anneal, and finally being I logic block at low temperatures. 

The key difference between Our new annealing schedule and previous schedules lies in Our 

method of updating the temperature as the anneal progresses. When the temperature is so high 

that alrnost any move is accepted, we are essentially moving randomly from one placement to 

another and little irnprovement in cost is obtained. Conversely, if very few moves are being 

accepted (because the temperature is very low and the current placement is of fairly high quality), 

there is also little improvement in cost. With this motivation in mind, we created a temperature 

update scheme that increases the amount of time spent at the most productive temperatures -- 

those where a significant fraction of, but not ail, movea are being accepted. We use the fraction of 

moves being accepted, a, to directly control how quickly the temperature drops. A new tempera- 

ture is computed as T,,, = y * Told, where the value of y depends on the fraction of atternpted 

moves that were accepted (a) at Told, as shown in Table 3.1. The exact values of a and y listed in 

Table 3.1 were found via experimentation. While the values in Table 3.1 led to the best perfor- 

mance, the performance of the annealer is not extremely se:isitive to the exact value of y as a func- 

tion of a. So long as the hinction fia) has the right form -- y is near 1 for a around 0.44, and y is 

significantiy smaller for a near 1 or O -- the annealer performs reasonabiy well. 

We terminate the anneal when: 

Cost T c € - - ,  
N n m  

where Nnets is the number of nets in the circuit, and we use an E value of 0.005. The movement of 
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Table 3.1: Temperature update schedule. 

a logic block will always affect at l e s t  one net. When the temperature is less than a small fraction 

of the average cost of a net. it is unlikely that any move that results in a cost increase will be 

accepted, so we terminate the anneal. Again, the performance of the annealer is not terribly sensi- 

tive to the E factor in (3.5). Any value between 0.05 and 0.005 is reasonable, with smaller values 

giving slightly higher quality placements at the cost of slightly increased CPU time. 

The annealing schedule described above has produced excellent results with a wide varieiy 

of cost functions, FPGA architectures, circuits, and moves per temperature (i.e. desired quality) 

values. For cornparison purposes, we also implemented an annealing schedule based on that of 

Huang et al [7711. This annealing schedule was not sufficiently robust for Our purposes, particu- 

larly with large circuits. For some circuits its temperature update scheme becarne too conserva- 

tive, and the temperature decreased extremely slowly. For some other circuits its exit criterion did 

not function correctly, and a large amount of CPU time was wasted at very low temperatures with 

no significant quality improvement. Table 3.2 compares the two annealing schedules on a set of 

eight MCNC benchmark circuits [ 1321. On the six smaller benchmarks the two schedules were 

fairly comparable -- Our schedule was 1 .35~  faster, but resulted in placements with 0.9% higher 

cost. The Huang schedule broke down on the two larger circuits, however; it took 3 . 8 ~  more CPU 

time on alu4, and did not complete after 40x as much CPU as Our schedule required on bigkey. 

We want to be able to control the quality-time trade-off of our tools, so an annealing schedule that 

is unpredictable, Le. spends huge amounts of time on some circuits, is not suitable for our pur- 

poses. 

We have not implemented the schedules of Lam and Delosme [78] or Swartz and Sechen 

[79], so we cannot compare our performance to theirs. Note however, that Our schedule is much 

simpler than that of Lam. It is dso completely adaptive (al1 parameters adapt to the problem at 

1 .  This anneaiing schedule used the initial temperature, exit criterion and temperature update scheme of 
[77]. It used the number of moves per temperature value from 1791 (equation (3.4)). however, as this pro- 
vides a parameter for controlling the CPU time / quality trade-off. 
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Table 3.2: Cornparison of new annealing schedule to schedule of Huang et al. 

1 1 Schedule of Huang et al vs. new schedule 

sbc 1 56 1 1 1.24~ 1 -0.4% 

Circuit 

bigkey 1 1914 1 terminated after 40x 1 -5.3% 

Nb~ocks 

- 

hand), while the Swartz schedule uses a hard-coded range-limiter variation and number of tem- 

peratures to visit. 

-- -. 

du4 

7 Circuit Average 

8 Circuit Average 

3.2.3 New Cost Function: Linear Congestion 
One of the FPGA architectural issues we investigate is global routing architecture. Recall 

that many global routing architectures have wider channels in some regions of the FPGA than in 

othen; see Figure 1.1 for an example. To fully optimize for such architectures, those portions of a 

circuit that require more routing should be placed in regions of the FPGA that have wider routing 

channels. The key to obtaining such global-routing-architecture-aware placements is ensuring 

that the cost function used properly models the relative difficulty of routing connections in areas 

with different channel widths. Accordingly, we developed what we cal1 a linear congestion cost 

function. Of al1 the dtematives we have explored, this cost function provides the best results in a 

reasonable computation time. Its functional form is 

- 

k t ,  

; zlqci>[ b b x ( i )  D + 

iinear congestion 
i = , A  

CPU ratio 

2319 

870.3 

1000.8 

where the sumrnation is over the N,,, in the circuit. For each net, i, bb,(i) and bby(i) denote the 

horizontal and vertical spans of its bounding box, respectively. The q(i) factor compensates for 

Final cost difference 

3 . 8 2 ~  

1 . 7 1 ~  

6 . 5 ~  

-1.5% 

- 1 .O% 

-1.5% 
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the fact that the bounding box wire length model underestimates the wiring necessary to connect 

nets with more than three terminals [84]. Its value depends on the number of terminals of net i. 

We obtained the appropnate values of q(i) from [84]; q(i) is 1 for nets with 3 or fewer terminals, 

and slowijr increases to 2.79 for nets with 50 terminals. C,,(i) and CWY(i) are the average chan- 

ne1 capacities (in tracks) in the x and y directions, respectively, over the bounding box of net i. 

'ihis cost function penalizes placements which require more routing in areas of the FPGA 

that have narrower channels. The exponent, P, in the cost function allows the relative cost of 

using narrow and wide channels to be adjusted. When P is zero the linear congestion cost func- 

tion reverts to the standard bounding box cost function. The larger the value of p, the more wir- 

ing in narrow channels is penalized relative to wiring in wider channels; we have experimentally 

found that setting $ to one results in the highest quality placements. 

Ca, depends only on the channel capacities, which do not change during a placement, and 

on the maximum and minimum coordinates of a bounding box. We therefore precompute al1 pos- 

sible Ca,, and CWy values and store them in a two-dimensional array indexed by the bounding 

box minimum and maximum coordinates. Consequentl y, recomputing this cost function is essen- 

tially as fast as recomputing the traditional bounding box cost function. 

In an FPGA where al1 channels have the same capacity. C, is also a constant and hence the 

linear congestion cost function reduces to a bounding box cost function. In FPGAs where some 

channels are wider than others, however, this cost function results in higher quality placements 

than a bounding box cost function. The exact amount of routability improvernent depends on the 

precise global routing architecture used; as one would expect, those in which there is a large dif- 

ference between the widths of channels in different regions show the largest improvement. For 

the architectures studied in this thesis, placements produced with the linear congestion cost func- 

tion typically require 5 to 10% fewer tracks to route than placements produced with a bounding 

box cost function. 

For cornparison, we also implemented the cost function of [84], which we cal1 a non-linear 

congestion cost function. We described this cost function in Section 2.2.2. Recall that it divides 

the FPGA into an M x M array of regions and attempts to model the routing resource demand and 

supply in each of these regions, penalizing placements that appear to result in routing demand 

exceeding supply in some regions. 

Table 3.3 shows how the linear and nonlinear congestion cost functions compare to a 
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bounding box cost function on one FPGA architecture. Iii this architecture, the 50% of the FPGA 

channels nearest the center are twice as wide as the other channeis. 36 MCNC [132] benchmarks 

were placed and global!y routed in the smallest FPGA that could accommodate each. Table 3.3 

shows how the number of tracks in the FPGA required to complete global routing and the place- 

ment CPU time is affected by the cost function used. Note that 10 of the 36 circuits were VO 

bound in the FPGA assumed, so separate columns are provided for the average over these I O  cir- 

cuits, the average over the 26 logic-bound circuits, and the overall average. The routability 

improvements with the more advanced cost functions are larger for the I/0 bound circuits, since 

there are "spare" logic blocks in the FPGAs in these cases, giving the placer the option of spread- 

ing out the logic to improve routability. 

Table 3.3: Cornparison of cost function performance on an example FPGA architecture. 

Cost function 

Bounding box 

Linear congestion 
- - - 

Nonlinear cong. ( 16 regions) 

Nonlinear cong. (256 regions) 

Notice that the non-linear congestion cost function, when computed on a 4 x 4 grid (16 

regions), produced placements which required, on average, only 1% fewer tracks to route than 

those produced by the linear congestion cost function. However, keeping track of the routing 

resource demand in the various chip regions is computationally expensive, and placement with 

this cost function requires five times greater CPU time than the linear congestion function. Divid- 

ing the FPGA into smaller subregions to make localized congestion more visible improved the 

performance of this cost function slightly; a non-linear congestion cost function computed on a 16 

x 16 gnd (256 regions) perforrns 3% better than Our linear congestion cost function on this archi- 

tecture. However, it consumes 80 times the CPU time. We consider the routability improvements 

gained by the nonlinear congestion cost function too small to warrant the huge increase in CPU 

tirne, and so prefer the linear congestion cost function developed in this work. 

3.2.4 Incremental Net Bounding Box Updates 

Even with a good annealing schedule, millions of potentid block swaps will be evaluated in 

CPU Time 

lx 

lx 

1 Average Tracks Required for Global Routing 

AI1 36 circuits 

l x  

-7% 

26 logic-bound 

1 x 

-4% 

10 V 0  bound 

1 x 

-16% 
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a typical placement run. The most computationally expensive part of evaluating a swap is com- 

puting the change in cost, AC, the swap would produce; it is ciucial that this cornputation be made 

as fast as possible. 

Consider the computation of AC cansed by the swap of two blocks. The only terms in the 

sumination of (3.6) that change are those corresponding to the nets attached to the two swapped 

blocks. The bounding boxes of al1 the zets attached to either of these two blocks must be recom- 

puted, and then (3.6) can be used to determine AC. The recomputation of the net bounding boxes 

is the key step here; unless care is taken, it can dramatically slow the placer. 

The straightforward way to re-evaluate a net's bounding box is to examine the location of 

each of its terminals. Unfortunately. this is an O(k) operation for a k-terminal net. Large circuits 

typically have many high-fanout nets, a few of which have hundreds of terminals. As well, since 

high-fanout nets have terminals on so many blocks, swapping any two blocks has a high probabil- 

ity of disturbing some high-fanout nets. 

We have developed an alternative to this brute-force computation, which we cal1 incremen- 

ta1 boundhg box evnluation. For each net, we store the coordinate of each of the four sides of its 

bounding box (xmin, x,,, y,i,, y,,), and the number of net terminals that lie on each of these 

sides (NXmin, N,,,, Nymin9 Nymm). Figure 3.6 shows an example of this data storage. 

Now say that some terminal of this net is moved via a swap from (xOid, yold) to (x,,, y,,,). 

Since we have stored the extra information shown in Figure 3.6, we can usually determine the new 

net bounding box by looking only at the terminal which moved, rather than al1 k terminals. Figure 

3.7 lists the pseudo-code used to update the x,in and Plxmin values for a net i; the code for the 

net 
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if != x0ld) { 1* Terminal has moved horizontally */ 
if ( X  < ~ ~ ~ ( i ) )  { l* Terminal moved left past 01d x,,, edge */ 

else if (x,, = xmi,(i)) { I* Terminal moved left to lie on the oid x,i, edge */ 

else if (xold = xmin(i)) { 1* Terminal was on Xmin edge; moved nght *I 

if Wxmin > 1 1 { 1* Still tenninals on x,i, edge? *I 

Nxmin--; 
1 
else ( 

BruteForceBoundingBoxRecompute (i); 
1 

1 
1 

Figure 3.7: Pseudo-code to update the bounding box of net i incrementally. 

other four sides is similar. 

Notice that there is only one case for which the net bounding box must be recomputed by 

the brute-force procedure: when the terminal moved is the only net terminal on a side of the 

bounding box, and it is moved inward, toward the bounding box center. In this case the recompu- 

tation is O(k), while in al1 other cases it is O(1). The probability of an arbitrary net terminal being 

on sorne side of the bounding box, and being the only terminal on that side of the bounding box is 

= l/k, however. Hence the average net bounding box recomputation is O ( 1 + - i - k )  =0(1) .  

We have experimentally determined that our incremental bounding box update method is 

faster than the brute-force method for al1 nets with more than 4 terminais. Using this more 

sophisticated technique for nets with more than 4 terminds yields, on average, a more than five 

times speedup in the placer. Table 3.4 compares the CPU time on a 300 MHz UltraSparc needed 

to place the ten largest MCNC benchmark circuits with and without incremental bounding box 

recalculation. In this experiment each logic block is a BLE (4-LUT 1 FF pair). The speedup due 

to incremental bounding box updates ranges from 2.52 times to 9.41 times, with an average 

speedup of 5.39 times. The variation in speedup is due to the different fanout distributions of 
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these circuits -- circuits with a higher average fanout benefit more. Since placement is so time- 

consuming, and there is considerable need for fast CAD tools as FPGA sizes increase [122], this 

speedup is very important. Another useful feature of the incremental bounding box code is that it 

makes the CPU time required to place a circuit highly predictable from the circuit size; this allows 

a CAD tool to give a user an accurate estimate of the time required to place a circuit. 

Table 3.4: Placement CPU time with and without incremental bounding box recalculation. 

Circuit 

spla 

P ~ C  

1 Geometric Average: 1 4071 1 755 1 151 1 4 .99~  1 

# Logic 
Blocks 

clma 

Arithmetic Average: 

The InnerNum value for these results was set to 1; to obtain the highest quality (5 - 10% 

better) results, InnerNum is set to ten, and therefore ten tirnes more CPU is required than Table 

3.4 lists. Hence one can see why speeding up placement is important! 

3690 

4575 

3.3 Summary 

CPU (s) 
without incremental 

bounding box 

8383 

4507 

In this chapter we have described our logic block packing tool, VPack, and the placement 

portion of the VPR placement and routing tool. VPack is the first logic block packing tool target- 

ing cluster-based logic blocks. VPR incorporates three enhancements over pior  simulated- 

annealing placement algorithms: a new annealing schedule, a routability-enhancing linear con- 

gestion cost function, and an incremental net bounding box update method that reduces placement 

CPU time by a factor of over 5. The next chapter continues the description of the CAD tools 

434 

664 

CPU (s) 
with incremental 
bounding box 

3207 

1120 

Speedup 

125 

172 

3.47~ 

3.86~  

499 

197 

6.43~ 

5 .39~  
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developed for this thesis by describing the VPR router. At the end of the next chapter, the perfor- 

mance of the VPR placement and routing tool will be compared to that of pnor CAD tools, allow- 

ing us to evaluate the result quality of the placement tool descnbed in this chapter. 
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Chapter 4 

Routing Tools and Routing 

Architecture Generation 

In this chapter we describe how the routing portion of VPR works. We begin by describing 

the spectrum of FPGA architectures that the router has targeted, and the understandable architec- 

ture parameters used to describe an FPGA to VPR. We then explain how a routing architecture is 

represented intemaliy, and how the succinct description provided by a user is autornaticalfy 

tumed into this highly detailed architecture representation. Next, we descnbe the two routers 

built into VPR; one is purely routability-driven, while the other is both timing- and routability- 

driven. The timing-driven router requires a fast and accurate net delay extractor and a path-based 

timing analyzer, both of which are also discussed. Finally. we compare the performance of VPR 

to that of several other published CAD tools, and show that it outperforms al1 the tools to which 

we have been able to compare. 

4.1 Position within the CAD flow 
Figure 4.1 shows where the VPR router fits into the CAD flow. Its input is a netlist of logic 

blocks and an architecture file which describes the target FPGA. A placement is either read in or 

the VPR placer is used to place the circuit, and then either the routability-driven or the timing- 

driven router built into VPR is invoked. Each of these routers can perform either a combined glo- 

bal-detailed routing, or global routing only. Once routing is cornplete, various statistics, such as 

routed wirelength, routing resource utilization and the delay of the critical path are output. 
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e - - - 
0 \ 

Existing placement \ 
- - -( or placement frorn 

\ another CAD tool, '- -- -  / 
Perfonn either combined globatldetailed 

routing, or global routing only 
I 

Placement and routing output files, 
Placement and routing statistics 

Figure 4.1: VPR router operation and position within the CAD flow. 

4.2 Architecture Parameterization and Generation 
Since Our primary goal in this research is to investigate many different FPGA architectures, 

we would like Our tooIs to: 

1. Be as architecture-independent as possible, and 

2. Be easy to use with different architectures -- that is, we would like to be able to describe 

different architectures to VPR quickly. 

To achieve the first goal, we have made the router, graphics routines, delay extractor, and 

various other routines al1 operate on a directed graph that describes the FPGA. This routing- 

resource graph representation is very general, and can describe a wide variety of FPGA architec- 

tures. Unfominately, describing a new architecture by creating a routing-resource graph by hand 

is not feasible - the routing-resource graph to describe a typical FPGA containing 8000 4-LUTs 

is almost 30 MB in size. One possibility is to design a basic tile (a single logic block and its asso- 

ciated routing) manually, and create a program to automatically replicate and stitch together this 

tile into a routing-resource graph descnbing the entire FPGA. Even creating a basic tile manually 

is too time-consuming for our purposes, however. A typical tile contains several hundred pro- 

grammable switches and wires, so it can take hours or days to describe even one tile. Further- 

more, such a hand-crafted tile is designed for one value of routing channel width, W. In many of 

our experiments we wish to Vary W in order to see how routable a given FPGA architecture is, or 

how well our CAD tools optirnize for routability. With a tile-based approach, we would have to 

hand-craft one tile for each different value of W, for each architecture. Since we wish to investi- 
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Figure 4.2: A concise architecture description is converted to a detailed graph description. 

VPR 

Architecture 
generator 

gate hundreds of different FPGA architectures, and tens of W values for each of these architec- 

tures, we would have to create thousands or tens of thousands of these basic tiles. 

In order to satisfy the ease of use goal, therefore, we have designed VPR so that it takes a 

concise, human-comprehensible architecture definition file, and uses an intemal graph generator 

to create the highly detailed routing-resource graph representation which the router and other 

CAD routines use. Figure 4.2 illustrates the basic idea. If one wants to look iit a completely new 

class of FPGAs that does not fit into the current format of the architecture description file, then, 

only the routing graph generator has to be modified; the router, graphics, timing analyzer, and sta- 

tistics routines will al1 function correctly. 

Router, 
graphics, 
statistics 
routines 

4.2.1 Architecture Parameterization 

Highly detailed, 
vcry general 

Concise, understandable 

We want our architecture description file to be easy to create, so we tried to parameterize 

architectures in ways that are intuitive to FPGA researchers. B y parameterizi ng Our architectures 

we also make it easier to describe our results to other researchers, and to understand why one 

architecture is better than another. (Simply showing that one 30 MB routing-resource graph was 

superior to most others would not allow us to describe Our results to others very easily!) 

To perform routing we need more information about the architecture than is required for 

placement only. The architecture description file specifies: 

The number of logic block input and output pins, 

The side(s) of the logic block from which each input and output is accessible, 

The logical equivalence between the various input and output pins (e.g. a11 LUT inputs 

are functionally equivalent), 

The number of T/0 pads that fit into one row or column of the FPGA, 

The relative widths of the horizontal and vertical channels, and 

The relative widths (number of tracks) of the channels in different regions of the FPGA. 

If only global routing is desired, these are al1 the parameters needed. If combined global- 
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detailed routing is desired, however, the architecture file must also specify: 

The switch box topology used to connect the routing tracks (Le. which tracks connect to 

which at a switch box), 

The number of trzcks to which each logic block input pin connects, Fc,jnpur, 

The Fc value for logic block outputs, Fc 

The Fc value for Il0 pads, Fc pad, and 

One or more wire segment types. For each segment type, one specifies: 

The fraction of tracks in a channel that are of this segment type, 

The segment length (number of logic blocks spanned by a wire segment), 

The type of switch (pass-transistor or tri-state buffer, drive strength, etc.) used to 

connect a wire segment of this type to other routing segments, 

The switch box intemal population of this segment type (discussed below), and 

The connection box intemal population of this segment type (discussed below). 

Note that the segmentation distribution (the fraction of routing tracks of each length), is 

specified as part of the wire type definitions. 

We define intemal population (described in Section 2.1.3) in a more general way than pnor 

researchers. Recall that intemal population describes whether or not logic blocks and routing 

wires can connect to the interior of a wire segment, or if connections to a wire can be made only at 

its ends. In [ 171, a wire segment is either completely internally populated or completely depopu- 

lated. We allow partial depopulation of the interior of a wire segment. For example, a length five 

segment spans five logic blocks. If we specify a connection-box population of 100%, this wire 

segment cm connect to al1 five logic blocks it passes, so it is fully internally populated. If the con- 

nection-box population is 40%, it can only connect to the two logic blocks at its ends, so it is 

intemally depopulated. If we speciQ a connection-box population of 60%. however, the wire can 

connect to the two logic blocks at its ends and one logic block in its interior. so it is partially inter- 

nally depopulated. Figure 4.3 illustrates the four possible values of connection-box population 

for a length five wire. Switch-box population is specified in a sirnilar, percentage, fonn. 

Notice that we specify the distribution of wire types as fractions of the channel width, W, 

rather than as an absolute number of tracks of each type. For exarnple, one might say there are 

20% length = 2 wires and 80% length = 5 wires. This allows a user to attempt routings with dif- 

ferent W values, to determine the routability of an architecture, without changing the architecture 
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100% connection-box population 

80% connection-box popdation 

60% connection-box population 

40% connection-box population 

Figure 4.3: Possible connection-box population values for length 5 wires segments. 

file. Similarly, the various Fc values can be specified either as absolute numbers (e.g. 5 tracks), or 

as a fraction of the tracks in a channel (e-g. 0.2-W). 

The number of tracks per channsl, W, and the size of the logic block array size can be spec- 

ified on the command line. If one or more of these parameters is not specified, VPR will deter- 

mine the minimum value(s) needed to fit the circuit in the specified FPGA architecture. 

Finally, to allow extraction of the delay of routed nets and path-based timing-analysis, one 

must specify various timing parameters in the architecture description file. These include: 

The input and output capacitance, equivalent resistance, and intrinsic delay of each type 

of switch used in the routing; as many switch types as desired can be defined. 

The capacitance and resistance of each type of wire segment, 

The delays of al1 the combinational and sequential elements within each logic block, and 

The delays of the V 0  pads. 

4.2.2 The Routing-Resource Graph 
While the architecture parameters listed above are easy for FPGA architects to understand 

and specify, they are not appropriate for use as an interna1 architecture representation for a router. 

Intemally, VPR uses a routing-resource graph 1801 to describe the FPGA; this is more general 

than any parameterkation, since it can specify arbitrary connectivity. It also makes it much faster 

to determine connectivity information, such as the wires to which a given wire segment can con- 

nect, since this information is explicitly contained in the graph. 

Each wire and each logic block pin becomes a node in this routing-resource graph and each 

switch becomes an directed edge (for unidirectional switches, such as buffers) or a pair of directed 

edges (for bidirectional switches, such as pass transistors) between the two appropriate nodes. 

Figure 4.4 shows the routing-resource graph corresponding to a portion of an FPGA whose logic 

block contains a single 2-input, 1-output LUT. 
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wire 1 

i source 

&ut (iogic block pin) 

w ire4 

wire2 wirc wireq 1 B 
i n l  v sink in2 

Figure 4.4: Modelling FPGA routing architecture as a directed graph. 

Often FPGAs have logically equivalent pins; for exarnple, al1 the input pins to a LUT are 

logically equivalent. This means that a router can complete a giv:n connection using any one of 

the input pins of a LUT; changing the values stored in the LUT can compensate for any re-order- 

ing of which connection connects to which input pin performed by the router. We mode1 this log- 

ical equivalence in the routing-resource graph by adding source nodes at which al1 nets begin, and 

sink nodes at which dl net terminais end. There is one source node for each set of logically- 

equivalent output pins, and there is an edge from the source to each of these output pins. Simi- 

lady, there is one sink node for each set of logically-equivalent input pins, and an edge from each 

of these input pins to the sink node. 

To reduce the number of nodes in the routing-resource graph, and hence Save memory, we 

assign a capacity to each node. A node's capacity is the maximum number of different nets which 

can use this node in a legal routing. Wire segments and logic block pins have capacity one, since 

only one net may use each. Sinks and sources can have larger capacities. For example, in a 4- 

input LUT, there is one group of four logically-equivalent inputs, so we have one sink of capacity 

four. If we could not assign a capacity of four to the sink. we would be forced to create four logi- 

cally-equivalent sinks and connect them to the four input pins via a complete bipartite graph 

(K4J, wasting considerable memory. 

By constructing an appropnate routing-resource graph we can perform global routing, 

instead of combined global-detailed routing, with no changes to our router code. Figure 4.5 

shows a routing-resource graph for global routing. Again, each logic block pin becomes a node, 

and source and sink nodes are added for each Iogically-equivalent group of pins. Now, however, 

instead of each wire becoming a node, each channel segment (the Iength of channel that spans one 

logic biock) becomes a routing-resource node. The capacity of each of these nodes is equal to the 
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2-LUT a 
out 

x-channel a x-channel b 

Figure 4.5: Modelling the FPGA global routing problem via a directed graph. 

number of wires, or tracks, in the corresponding channel segment; in Figure 4.5, for example, the 

capacity of each channel segment node is 4. Edges are added to connect logic block input and 

output pins to the adjacent channel segments, and to connect adjacent channel segments together. 

To perform timing-driven routing, timing analysis, and to graphically display the architec- 

ture (see Appendix A), we need more information than just the raw connectiviiy embodied in the 

nodes and edges of the routing-resource graph. Accordingl y, we ûnnotate each node in the graph 

with its type (wire, input pin, etc.), location in the FPGA array, capacitance and metal resistance. 

Each edge in the graph is marked with the index of its "switch type," allowing retrieval of infor- 

mation about the switch intrinsic delay, equivalent resistance, input and output capacitance and 

whetlier the switch is a pass transistor or tri-state buffer. 

4.2.3 Automatic Architecture Generation from Parameters 
As the previous two sections have descnbed, there are compelling reasons to allow design- 

ers to specify architectures in an understandable, parameterized format, and for the routing tools 

to work with a more detailed, graph-based, description. As Figure 4.2 shows, then, VPR must be 

capable of automatically generating a routing-resource graph from a set of specified architecture 

parameters. Generating an architecture automatically is a difficult problem for two reasons: 

1. We want to create a good architecture with the specified parameters. That is, the unspec- 

ified properties of the architecture should be set to "reasonable" values. 

2. Simultaneously satisfiing al1 the parameters defining the architecture is difficult. In 

some cases, the specified parameters conflict and overspecify the FPGA, making it 

impossible to simultaneously satisfy ail the specified constraints. 

Consider the first problem. If we require a user to specify every conceivable parameter, and 
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every interaction between these parameters, describing an architecture will be very time-consum- 

ing. Instead, we want to allow users to specify the important parameters, and have the VPK tool 

automatically adjust other parameters of the architecture so that a good FPGA results. For exam- 

ple, we require that a user specify the number of tracks to which input and output pins cm con- 

rizct, FcVinput and Fc,output, rather than requiring a user to specify the complete connection box 

switch pattern, This certainly simplifies the task of describing an FPGA, but it means that VPR 

must generate a good connection box switch pattem automatically. 

Let us consider this connection box problem in more detail. We decided that the switch pat- 

tern chosen should: - Ensure that al1 W tracks in a channel can be connected to roughly the same number of 

input pins, and roughly the same number of output pins, - Ensure that each pin can connect to a mix of different wire types (e.g. different length 

wires), - Ensure that pins that appear on multiple sides of the logic block connect to different 

tracks on each side, to allow more routing options, - Ensure that logically-equivalent pins connect to different tracks, again to allow more 

routing options, and - Ensure that pathological switch topologies in which it is impossible to route from certain 

output pins to certain input pins (see Figure 4.6) do not occur. 

Clearly this is a complex problem. In essence, the proper connection box pattem is a func- 

tion of Fc,input, Fcautput, W, the segmentation distribution, the logical equivalence between pins, 

and the side(s) of a logic block from which each pin is accessible. The last condition is also a 

function of the switch box topology. VPR attempts to build a connection box that satisfies the Rve 

Routing wire 

(a) Nets starting at outî can oniy reach in2, 
nets starting at outl can only reach in1 

in1 out1 in1 out1 
- 0  :: 2'. ;: '. : ' , 

(b) Nets starting at either output can reach either 
input; vastiy improved routability. 

Figure 4.6: Example connection box patterns: (a) pathologically bad; (b) good. 
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criteria above, but it will not necessarily perfectly satisfy them al1 for al1 architectures. 

The second difficulty in generating an architecture automatically is simultaneously meeting 

al1 the user-defined specifications. We will illustraii this difficulty with an example that shows it 

often taices consider&le thought to simultaneously satisfy the specifications. Consider an archi- 

tecture in which: 

Each channel is three tracks wide. 

Each wire is of length 3. 

0 Each wire has an intemal switch box population of 50%. That is, routing switches can 

connect only to the ends of a wire segment (2 of the 4 possible switch box locations). 

The switch box topology is disjoint [96]. In this switch box, wires in track 1 always con- 

nect only to other wires in track 1, and so on. This is the switch box topology used in the 

original Xilinx 4000 FPGAs [133]. 

Figure 4.7 shows the disjoint switch box topology, and a channel containing 3 wires of 

length 3. Notice that the "start points" of the wire segments are staggered [33]. This enhances 

routability, since each logic block in the FPGA can then reach a logic block two units away in 

either direction using only one wire segment. It also arises naturally in a tile-based Iayout, so 

staggering the start points of the segments in this way makes it easier to lay out the FPGA. A tile- 

based FPGA layout is one in which only a single logic block and its associated routing (one verti- 

cal channel segment and one horizontal channel segment) have to be laid out -- the entire FPGA is 

created by replication of this basic tile. 

The most straightforward way to create an FPGA with this architecture is to create one hor- 

izontal channel and one vertical channel, and replicate them across the array. Switches are then 

inserted between horizontal and vertical wire segments which the switch box and intemal popula- 

tion panmeters indicate should be connected. Figure 4.8 shows the results of such a technique, 

where only a few of the routing switches have been shown for clarity. Notice that this FPGA does 

Programmable switc Segment "start points" 

- - -  

(a) Disjoint switch block (b) Each channei contains 3 wires of length three. 

Figure 4.7: Architecture specification: (a) disjoint switch block; (b) segmentation distribution. 
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Figure 4.8: Replicating one channel causes the horizontal and vertical constraints to conflict. 

not meet the specifications. By inserting routing switches at the ends of the horizontal segments, 

we are allowing connections into the middle of vertical segments. However, Our specifications 

said that segments should have routing switches only at their ends. If we do not insert switches at 

the ends of the horizontal segments, however, we cannot connect to the ends of the horizontal seg- 

ments, so the specifications are again violated. We cal1 this problem a conflict between the hori- 

zontal constraints and the vertical constraints. 

The solution to this problem is shown in Figure 4.9. Instead of sirnply replicating a single 

channel, the "start points" of the segments in each channel have to be adjusted. As Figure 4.9 

shows, this allows the horizontal and vertical constraints to be simultaneously satisfied. The spec- 

Vertical Vertical Vertical Vertical 
channel 1 channel2 channel3 channel4 

Horizontal - 
I channeI2 ,-, 

Horizontal - - 
channel 1 ,- 

u 
Horizontal - 
7 

charme10 - 

I - Wire segment - - - -  Routing switch 

1.p 2 
, , , ,  1 Track numbers 

Figure 4.9: Adjust segment start points to satisfy both the horizontal and vertical constraints. 
The FPGA coordinate system is also shown. 
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ification for the FPGA has been completely realized -- every segment connects to others only at its 

ends, and the switch box topology is disjoint. Figure 4.10 shows how one can implement this 

architecture using a single layout tile. This is an additional bonus of this "segment start point 

adjustment" technique -- we not only meet our specifications fully, but create an easily laid-out 

FPGA. 

In order to describe the adjustment of the segment start points more clearly, let us define an 

FPGA coordinate system. Let the logic block in the lower left corner of the logic block array have 

coordinates (1,l). The logic block to its right has coordinates (2,1), and the logic block above it 

has coordinates (1,2), as Figure 4.9 shows. A horizontal channel has the same y-coordinate as the 

logic block below it, and a vertical channel has the same x-coordinate as the logic block to its left. 

We also number the tracks within each channel from O to 2, with track O being the bottommost 

track in a horizontal channel, or the leftmost track in a vertical channel. 

The proper adjustment shifts the start point of each segment back by 1 logic block, relative 

to its start point in channel j, when constnicting channel j+l. For exarnple, in Figure 4.9, the left 

ends of the wire segments in track 0, horizontal channel O line up with the logic blocks that satisfy 

( i  + 2) modulo 3 = 0 ,  (4.1) 

where i is the horizontal (x) coordinate of a logic block. In channel 1, track 0, however, the left 

ends of the wire segments line up with logic blocks that satisfy: 

( i  + 3)  modulo 3 = O (4.2) 

A similar shifting back of start points must be performed in the vertical channels -- the start point 

- Wire segment 
. - - - .  Routing switch 

Basic tile 

FPGA composed by arraying tiles 

Figure 4.10: Tiled layout to implement FPGA of Figure 4.9. 
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of segments in channel i+l is moved back one logic block relative to their start point in channel i. 

The shifting of segment start points above allows the horizontal and vertical constraints on 

an FPGA to be met if either of the following two conditions is met: 

The disjoint switch box topology is used. The segmentation distribution and segment 

intemal populations can have any viilues. Or, 

a Al1 segments are fully switch-box populated. The segmentation distribution and switch 

box topology can have any values. 

If either of these conditions is satisfied, the shifting of segment start points also makes a tile- 

based layout possible if one additional constraint is satisfied: the number of tracks of length L is 

divisible by L, for al1 segment lengths L. 

We have not yet found a method to simultaneously satisfy the horizontal and vertical con- 

straints when a switch box topology other than disjoint is used with intemally-depopulated seg- 

ments. It is an open question as to whether there is any method of satisfying both sets of 

constraints in this rnost general case. In cases where we cannot make the horizontal and vertical 

constraints agree, there are locations in the FPGA where a vertical wire wishes to connect to a 

horizontal wire, but the horizontal wire does not want a switch there, or vice versa. We resolve 

this confiict by inserting the switch, prefemng to err on the side of too many switches in the rout- 

ing, rather than too few. 

The architecture generator currently contained in VPR is Iimited to generating architectures 

for detailed routing only when al1 the channels in the FPGA have the same width and segmenta- 

tion distribution (VPR can generate routing graphs for global routing in which different channels 

have different capacities). Even with this restriction, we can explore a very large FPGA design 

space, and the architecture generation problern presents interesting challenges. A project is 

underway at the University of Toronto to extend the VPR architecture generator so that a user can 

specify different channel width and segmentation distributions for the horizontal and vertical 

directions [134]. This will allow architectural experimentation with Altera-like FPGAs. 

We believe that the automatic generation of FPGA architectures to match a set of specifica- 

tions is a fertile research area. Future research can investigate ways to ensure that the architec- 

tures created match al1 the specifications, and choose unspecified parameters intelligently enough 

that the best routability always results. Such research can explore not only better ways of generat- 

ing architectures from the parameters we have listed in this section, but also whether a different 

architectural parameterkation can be found such that al1 the specifications can always be satisfied. 
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4.3 Routability-Driven Router 
Recall that VPR incorporates two different routers: one that is purely routability-driven, 

and one that is both routability and timing-driven. Both these routers can perform either com- 

bined global-detailed routing or global routizg alone sirnnly by changing the routing-resource 

graph passed to them. In this section we describe a purely routability-driven router, while the next 

section describes the timing-driven router. Once a routing is complete, VPR's graphics can be 

used to examine it -- see Appendix A for sample pictures. 

4.3.1 Cost Functions and Routing ScheduIes 
Our routability-driven router is based on the Paihfinder negotiated congestion algorithm 

[go]; this purely routability-driven variant of the Pathfinder algorithm was described in Section 

2.2.3. In the discussion below we will focus on new enhancements in our router and on important 

portions of the algorithm implementation that were not described in [go]. 

We define the cost of a node somewhat differently than [SOI (see Equation (2.5)); the cost of 

using routing resource n when it is reached by connecting it to routing resource m is: 

Cost(n)  = b ( n )  h ( n )  p ( n )  + BendCost(n, m) , (4-3 ) 

where the b(n), h(n) and p(n) are the base cost, historical congestion, and present congestion 

terms defined in Section 2.2.3. The BendCost(n,m) term is an enhancement we have made to 

improve the results of global routing. It penalizes bends when global routing is being performed, 

since global routes with many bends make it difficult or impossible for a subsequent detailed rout- 

ing phase to utilize long wire segments [32,27]. Hence reducing the number of bends in a global 

routing tends to lead to detailed routes that are both faster and require fewer tracks. If global rout- 

ing only is being performed, BendCost(n,m) is 1 if making the connection from node m to node n 

implies a bend -- i.e. node m is a horizontal channel segment and node n is a vertical channel seg- 

ment or vice versa. Including this BendCost terni in the total cost of using a node produces routes 

with very few unnecessary bends and does not significantly increase the global routing track 

count. If combined global-detailed routing is being performed there is no need to penalize bends, 

so BendCost(n,rn) is always zero in this case. 

Notice that the functional forrn of (4.3) is different than that of (2.5); we multiply b(n) and 

h(n) together rather than adding them. When adding tems in cost functions, it is important to 

ensure they are properly normaiized to roughly the same range of magnitude so that both terms 
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have an effect. We avoid having to nomalize h(n) to b(n) by converting the addition to a multipli- 

cation. 

In [80], the base cost of a node. b(n) was set to its intrinsic delay. We have found that this is 

not the best choice; on average, about 10% fewer tracks Fer channel are required when the base 

costs of Table 4.1 are used instead. Note that the performance of the router is not extremely sen- 

sitive to the exact base costs chosen; the congestion avoidance terms in (4.3) ensure that the pri- 

mary goal of the router is congestion avoidance, regardless of the b(n) values. 

Table 4.1: Base cost of different types of routing resource. 

1 Routing Resource, n 1 Base Cost, b(n) 1 
Wire segment 1 

Logic block output pin 

Logic block input pin 

I Sink I O I 

1 

0.95 

Source 

Four of the five b(n) values in Table 4.1 have virtually the same value -- this encourages the 

router to use as few of these resources as possible to route each connection. The b(n) value for an 

logic block input pin and for a sink are set to less than 1 to Save CPU time. Since the rnaze expan- 

sion used to route a connection terminates when it reaches a sink corresponding to one of the net 

terminais, some CPU savings can be obtained by costing resources so that sinks tend to be 

reached earlier in the maze expansion. In other words, we would iike to cost logic block input 

pins and sinks so that the m u e  expansion checks if the logic block next to a wire segment con- 

tains one of the net sinks for which we are searching before it expands more wire segments. To 

achieve this behaviour, a logic block input pin has a base cost of slightly less than 1, and a sink 

has a base cost of zero. Since congestion can not occur at sinks, using a base cost of zero for them 

will not cause route failures. Using a lower cost for logic block inputs and sinks in this way 

speeds the routability-driven router up by 1.5 to 2 times, depending on the FPGA architecture and 

circuit being routed. 

We experimented with severd different possibilities for the base costs of wire segments of 

different lengths: intnnsic delay, 1, length, the square root of length, and length+l. For both the 

routability-driven router described in this section. and the timing-dnven router of the next section, 

setting b(n) to 1 regardless of a wire segment's length yields the best results. Using the intrinsic 

1 

1 
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delay of each routing resource as its b(n) value increased the number of tracks required per chan- 

ne1 by 10% on average. The other choices of b(n) led to performance between these extremes. 

Setting the cost of a wire segment to 1 regardless of its length also Ied to the highest speed circuits 

for the routability-driven router, since it encourages connections to use the smallest number of 

routing resources possible. 

Ebeling et al [80] did not descnbe the exact functional form of the h(n) and p(n) congestion 

avoidance terms in (4.3), so we list the equations we used below. The present congestion penalty 

is updated whenever any net is npped-up and re-routed according to 

p(n) = 1 + max(0,  [occupancy(n) + 1 - capacity(n)] pj,,), (4.4) 

where occupancy(n) is the number of nets currently using routing resource n, and capacity(n) is 

the maximum number of nets that can legally use node n. The historical congestion penalty is 

updated only after an entire routing iteration. Its value during routing iteration i is: 

The values of hfac and pf,, in each routing iteration define what we cal1 the routing schedule 

[2]. We have found that it is sufficieni to keep hf,, constant for al1 routing iterations; the fact that 

h(n) is incremented after every iteration in which node n is ovemsed provides sufficient increase 

in the historical congestion penalty. Any value of hf,, between 0.2 and 1 works equally weil. To 

achieve the absolute highest quality results, pf,, should initially be small, allowing congestion 

with Iittle penalty, and gradually increase from iteration to iteration. For these highest quality 

results, pf,, should be 0.5 or less in the first iteration, and 1.5 to 2 times its previous value in each 

subsequent iteration. When the cost of congestion is increased this gradually, however, it takes 

several routing iterations (typically 5 - 10) to route even fairly "easy" routing problems, where 

there is more routing available than is needed by the circuit. For such "easy" problems, the router 

can be sped up by a factor of two to three times by making congestion very expensive immedi- 

ately -- in this case, we make pf,, 10 000 in the first routing iteration, ensuring the router will 

always avoid congestion if it can, even in the first routing iteration. The amount of quality sacri- 

ficed by making congestion expensive irnmediately is quite small -- typically the minimum 

achievable track count increases by only 2% to 4%. Throughout this thesis we will use the slowly 

increasing congestion cost schedule to achieve the absolute highest quality, however. 
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If a circuit has not routed in 30 routing iterations we normally classify it as unroutable. 

Allowing the router to try 45 routing iterations before giving up reduces the minimum track count 

by only 1 % to 4%. on average. 

4.3.2 Speed Enhancements 
In addition to tuning the routing schedule and optimizing the routing-resource base costs. 

we made two other speed enhancements to the Pathfinder negotiated-congestion algorithm. First, 

we do not allow net routings to go more than three channels outside of their net bounding box. 

Since Our routability-driven router uses a breadth-firçt maze router to make connections, this 

enhancement significantly reduces CPU time. Restricting each route to remain wi thin 3 channels 

of its bounding box had no noticeable effect on the quality of the routing. 

The second speed enhancement aids the routing of high-fanout nets, and results in an order- 

of-magnitude router speedup on large circuits. Recall that to route a k-terminal net, the maze 

router contained in VPR is invoked k-1 times. In the first invocation, the maze routing wavefront 

expands out from the net source until it reaches any one of the k- 1 net siriks. The path from 

source to sink is now the first part of this net's routing. In a traditional maze router, and in the 

Pathfinder algonthm, the maze expansion (the PriorityQueue in Figure 2.10) is emptied, and a 

new wavefront expansion is started from the entire net routing found thus far. After k-1 invoca- 

tions of the maze router al1 k terrninals of the net will be connected. 

This approach requires considerable CPU time for high-fanout nets. High-fanout nets usu- 

ally span most or al1 of the FPGA. Therefore, in the latter invocations of the maze router the par- 

tial routing used as the net source will be very large, and it will take a long time to expand the 

maze router wavefront out to the next sink. We have developed a more efficient method. When a 

net sink is reached, we add al1 the routing resource segments required to connect the sink and the 

current partial routing to the wavefront (Le. the PriorityQueue) with a cost of O. We do not empty 

the current maze routing wavefront, but instead continue expanding normally. Since the new path 

added to the partial routing has a cost of zero, the maze router will expand around i t  first. Since 

this new path is typically fairly small, it will take relatively little time to add this new wavefront, 

and the next sink will be reached much more quickly than if the entire wavefront expansion had 

been restarted. Figure 4.1 1 illustrates the difference graphically. The shortest path computed to 

most of the nodes in the wavefront is still valid after a net sink is reached; we are taking advantage 

of this by restarting only a local portion of the wavefront instead of restarting the entire wavefront. 



Routing Toots and Routing Architecture Generation 

Unconnected 
sink 

Expansion 
wavefront 

Expansion Re-expand around 
wavefron t new wire wavefront j 

Current partial 
\ 

Sink reached (c) VPR method: maintain 
Routing 

(b) Traditional method: wavefront and expand 
(a) Expansion reaches a sink restart wavefront around new wire 

Figure 4.11: Difference between (b) complete and (c) local wavefront restart. 

4.4 Timing-Driven Router 
The timing-driven router developed for this work uses many of the ideas and algorithms of 

the Pathfinder negotiated congestion-delay router [go], which is described in Section 2.2.3. Our 

router contains two major improvements relative to the Pathfinder router, however; we optimize 

delay under the Elmore, rather than linear, delay model, and we dynamically Vary the base cost of 

routing resources. 

4.4.1 Superiority of Elmore Delay to the Linear Delay Mode1 
Recall (as discussed in Section 2.2.3) that current FPGA combined global-detailed routers 

are either purely routability-driven or optirnize only the linear delay model, in which every rout- 

ing resource has a constant delay. The linear delay model is highly inaccurate for any FPGA 

which contains pass transistors in its routing, as the delay of a pass transistor strongly depends on 

the topology of the net routing into which it is inçerted. For exarnple, consider the two routing 

topologies in Figure 4.12, and the equivalent RC-circuit for each, as given in Section 2.2.4. Both 

the linear delay and Elmore delay models accurately predict the delay of a routing formed by a 

series of N wire segments connected by buffers: 

' d ,  buflered = * lTbuf,  intrinsic + Rbuf Cioral] = 250 (ps) (4.6) 

where the values of RbuP Tbuf,invinsic, and Ctotd are taken from Figure 4.12. Note that Ctold 
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Topology 1 : routing switches are buffers 

in ... N stages ... * out ?-Y- 
I Wire 

Routing segmeiit switch 

Topology 2: routing switches are pass transistors 
- - ... N stages ... out inT 4 

  out in^ Wire 
switch segment 

500 n 
in ... N stages w&="f~ - 125ps - 

Figure 4.12: Two routing topologies and their equivaient circuits. 

includes both the metal capacitance of a routing wire and the parasitic capacitance of the routing 

transistors attached to it. 

The linear and Elmore delay models predict vastly different delays for a chah of pass tran- 

sistors, however: 

Td, pass, iinrar = N . Rpms . Crorai = - 25 

. - 
( N +  ' )  C = N ( ~ +  ' )  - 125 (ps) (4.8) Td,  pas& Elmore = RpassCrord = 2 Rpass total 2 

Notice that the Elmore delay accurately models the fact that the delay of a chain of pass transis- 

tors grows quadratically with the length of the chain, while the linear delay model does not. Set- 

ting equations (4.8) and (4.6) to be equal, we find that the chah of buffers is faster than the chain 

of pass transistors (for the R and C values we have assurned) whenever the number of routing 

switches in series, N, is more than 3. The linear delay model predicts that a chain of pass transis- 

tors is always faster than a chah of buffers, regardless of the length of the chain, N. It is obvious 

then, that using the linear delay model in an FPGA router will cause the router to make very poor 

decisions about when to use buffered routing switches and when to use pass transistor routing 

switches. 

The second problem with the linear delay model is that it does not properly model the 

effects of fanout on net routings using pass transistors. Consider the two net topologies shown in 

Figure 4.13. Under the linear delay model, both topologies have the same delay to sink 1 : 

where we assume each wire has a total capacitance (metal plus parasitic switch capacitances) of 



Routing Tools and Routing Architecture Generation - / "Sranch point" 

Figure 4.13: Two net topologies routed using pass transistor routing switches. 

CtOtal; Tobuf and Robuf denote the intrinsic delay and equivalent resistance of the logic block output 

pin buffer; and Rpus is the equivalent resistance of each pass transistor. Since both topologies 

have the same delay under the linear delay model, a router using this delay model would always 

pick the left-hand topology as superior, since it uses fewer routing resources. 

Under the Elmore delay, however, the two topologies have different delays: 

T ~ l m o r e ,  left = Tobuf + ' Robuf Ciuiul+ 8RpassCrornl (4.10) 

T ~ l m o r c ,  Nghr = Tubu/ + 7Robuf Croiol + 6RpnssCiorirl (4.1 1) 

If the resistance of the logic block output buffer is less than twice the resistance of a routing pass 

transistor (the typical case), the topology on the right has lower delay to sink 1. If sink 1 is time- 

critical therefore, the topology on the right is superior even though it uses more wirelength. 

A related problem with the linear delay model is that it does not model the beneficial effect 

of isolating large capacitive loacis with buffers. For example, if a buffered routing switch was 

used instead of a pass transistor at the "branch point" in the left routing topology of Figure 4.13, 

the delay to sink 1 drops because the capacitance in the branch of the routing leading to sink 2 is 

now isolated. This capacitance therefore does not load the output pin buffer or the pass transistor 

leading back to the net source. The Elmore delay correctly models this effect, but the linear delay 

model is completely oblivious to it. 

Tt is clear then, that if an FPGA contains pass transistors, the linear delay model does not 

correctly rank routing alternatives. As mentioned in Section 2.2.4, however, the Elmore delay is 

much more accurate, and it has high "fidelity" [124, 1251, meaning that it has a high probability of 
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correctly ranking the routing alternatives. 

4.4.2 Directly Optimizing the Elmore Delay 

For al1 the reasons listed abovi, then, we would like our router to directly optimize the 

Elmore delay. Figure 4.14 shows the pseudo-code for this router. Like the Pathfinder algorithm 

described in Section 2.2.3, we perform routing iterations until there are no congested resources, 

where a routing iteration consists of ripping-up and re-routing every net in the FPGA. The man- 

ner in which we initially assume each connection is critical and route it for minimum delay, and 

graduaily increase the cost of congestion, is also the same as in Pathfinder. The use of the Elrnore 

delay, rather than the linear delay, leads to a significantly different algonthm to route each net, 

however. We focus on these new aspects of the router below. 

Consider the routing of a single net, i, as described in the pseudo-code of Figure 4.14. Refer 

to Section 2.2.5 for a review of the nomenclature relevant to timing analysis and connection 

slacks. Initially the routing tree for net i, RT(i), is just the routing-resource node corresponding to 

the net source. A wave expansion algorithm is invoked k-1 times to connect RT(i) to each of the 

net's k-1 sinks, with the most critical sink being connected first, and the least-critical sink being 

connected last. Consider the connection to sink j of net i. The cost to include a node, n, in a net's 

routing is: 

Cost(n) = Crit(i, j )  . delayErm,,,[n, topology] + [ 1 - Crit(i, j)] b(n) h ( n )  p ( n )  (4.12) 

We define the criticality of a connection, crit(i,j) as: 

Cri t ( i ,  j )  = min 

where Dm, is the delay of the circuit critical path, and slack(i,j) is the slack of the connection 

between the source and sink j of net i. q and MaxCrit are parameters that control how a connec- 

tion's slack impacts the congestion-delay trade-off in cost function (4.13). 

Note that the criticality equation used by Pathfinder is a special case of (4.13) with q and 

MaxCrit both equal to 1. When q is larger, nets with positive slack pay Iess attention to delay and 

more to congestion. MaxCrit is the maximum criticality any connection can have. Setting Max- 

Crit to 1 allows connections with O slack (i.e. connections on the critical path) to completely 

ignore congestion, while a MaxCrit of O forces al1 connections to ignore delay and rnakes the 

router completely routability-âriven. We have experîmentally detemiined that setting q to 1 is the 
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Let: RT(i) be the set of nodes, n, in the current routing of net(i); RT(i) also stores the 
TEl,,(n) and RUPSVpm(n) for each of these nodes. 

PriorityQueue be a set of {TotalCost(n), PathCost(n), Rup,,,(n)} tuples for each node, 
n, in the current wave expansion, sorted on TotalCost. 

StoredPathCost and StoredTotalCost be arrays with one entry per routing resource node, 
with al1 entnes initialized to a huge number. 

Crit(i,j) = MaxCrit for al1 nets i and sinks j; I* First iteration routes everything for high speed */ 
while (overused resources exist) { /* Illegal routing? */ 

for (each net, i) { 
DynamicallyUpdateBaseCosts(i); /* Set base costs based on properties of net i */ 
rip-up routing tree RT(i) and update affected p(n) values; 
RT(i) = NetSource(i); 

for (each sink, j, of net(i) in decreasing crit(i,j) order) { 
PriorityQueue = RT(i) at {TotalCost(n) = PathCost(n) + a-ExpectedCost(n), 

PathCost(n) = cri t(i,j)-delayEimore(n), Rupstrcam(n) } for each 
node n in RT(i); 

while (sink(i,j) not foiind) { /* Wave expansion */ 
Remove lowest TotalCost node, m, from PriorityQueue; 
if (TotalCost(m) c StoredTotalCost(m) && PathCost(m) < 

StoredPathCost(rn) { /* Best path found to this node? *I 
StoredPathCost(m) = PathCost(m); 
S toredTotalCost(m) = TotalCost(m) ; 
for (al1 fanout nodes n of node m) { I* Expand node n *I 

Corn pute Rupstreûm (m) from RupstEam(n) via (4- 1 4) 
Add n to PriorityQueue at {TotalCost(rr,) = PathCost(m) + 

a-ExpectedCost(m), PathCost(m) = Cost(m) + 
PathCost(n), Rups,,,(m) 1 ; 

1 
1 

} /* End wave expansion */ 
for (al1 nodes, n, in path from RT(i) to sink(i,j)) { I* Backtrace *I 

Update p(n); 
Add n to RT(i) and store Rupst,,(n); 

1 
Update Elmore delay of RT(i); 
For (al1 nodes n expanded dunng wave expansion) { 

StoredPathCost(n) = HugeNumber; 
StoredTotalCost(n) = HugeNumber; 

1 
1 

1 
Update h(n) for al1 n; 
Perfom timing analysis and update Crit(i,j) for al1 nets i and sinks j; 

} /* End of one routing iteration * /  

Figure 4.14: Pseudo-code of the timing-driven routing algorithm. 

71 
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best value, but setting MaxCrit to 0.99 results in better routability than setting it to 1, with no 

impact on circuit delay. Setting MaxCnt to 1 is dangerous, since nets on the critical path then pay 

no attention to congestion. Consequently, if two nets on the critical path are shxing the same 

routing-resource node the congesticn may never be ïcsolved if MaxCrit is 1. 

Notice that the deiayEim0, factor in (4.12) is a iunction of both the node, n, being expanded 

and the topology used to reach it. In order to calculate the Elmore delay increase resulting from 

adding a node to a partial routing, we need to know the upstream resistance, Rups,xam9 through 

which this node's capacitance must be discharged. The upstream resistance of a node, n ,  that was 

reached by connecting it to node m via a routing switch, swirch, is 

R(swiich) + R M e r a l ( n ) ,  if switch is a tri-state buffer 
(4.14) 

'upsrream (m) + R(switclt) + R M e t a l ( n ) ,  if switch is a pass transistor 

Notice that the upstream resistance accumulates through a chain of pass transistor switches, but 

not through a chain of buffered routing switches. Rmetal(n) is the rnetal resistance of this routing- 

resource node, and is O for al1 nodes that are not wiring segments. The Elmore delay of node n in 

this topology is then: 

where Ctota1(n) gives the total capacitance (metal plus pansitic switch capacitance) at node n. We 

subtract one-half of Rmad(n) from RUp,,,(n) in (4.15) to account for the fact that the metal 

resistance is distributed. Note that in order to apply (4.14) and (4.15) we need to know the RUp- 

,,, value for the node via which node n was reached; this implies we must store the Rupstream 

value associated with every node currently in the Prion ty Queue. 

We define PathCost(n) to be the total cost of the path from the current partial routing tree to 

node n: 

PathCost(n) = C cost(r) (4.16) 
1 E path from RT(i) to n 

Using the PathCost of each node as the value on which we sort in the PriorityQueue results 

in a breadth-first search through the routing graph to route each connection. Note that the Crit(i,j) 

values change for each sink, j, and also that the Elmore delay values of the partial routing tree 

RT(i) must be updated after each sink is reached. Consequently, after a sink is reached the Path- 
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Cost values stored in the PriorityQueue become invalid for every node. Hence, we cannot use Our 

optimized breadth-first search from Section 4.3.2; the PriorityQueue must be emptied after each 

sink is reached, and the entire search begun from scratch. Since this would result in a very slow 

dgorithm, and since recent research h û ~  shown that a directed-search routing algorithm is faster 

than even Our optimized breadth-first search [122], we employ a directed-search technique [100] 

i nstead. 

To perform a directed-search, we must be able to estimate the total remaining cost, Expect- 

edCost(n), from the current node to the target sink node. For source nodes and logic block output 

pin nodes we set ExpectedCost(n) to zero. Since there is only one source node and at most a few 

output pin nodes explored during the maze expansion, this has little effect on CPU time. As well, 

i t  ensures that the router considers the option of connecting a logic block output pin to multiple 

tracks to optimize the routing of high-fanout nets. 

To compute the ExpectedCost to route from a wire segment, n, to the target sink, j, we 

assume that: 

The connection to sink j will be completed using wires of the same type (length, connect- 

ing switch type, etc.) as node n, and 

There is no congestion along the shortest path to the target. That is, p(m) and h(m) are 

both 1 for al1 the nodes, m, that wiIl be used to route the remainder of the connection. 

We know the coordinates of both sink j and the current node, n, within the FPGA, so we can 

compute how many wires of the same length as node n will be needed to reach sink j. With this 

information and knowing the type of switch used to connect one wire of this type to another, we 

can compute the expected Elmore delay to the target. This is al1 the information we need to use 

(4.12) to compute the ExpectedCost to the target. We then perform a directed search by using the 

TotalCost of a node n as the sort value in the PriorityQueue: 

TotalCost(n) = PathCost(n) + a - ExpectedCost(n, j) . (4.17) 

The a parameter in (4.17) controls the aggressiveness of the directed search. An a of O leads to a 

breadth-first search, while an a of 1 leads to an A* search if ExpectedCost(n,j) is a lower bound. 

We have found that an a value of 1.2 leads to the best CPU tirne without compromising quality; 

any value of a between 1 and 1.4 performs fairly well, however. 

By choosing nodes, n, that minimize the TotalCost(n) given by (4.17). we do more than just 

change the graph search method from breadth-first to directed; we also allow the router to perform 

more intelligent bu.er insertion. To decide whether or not using a buffered switch is a net benefit 
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Let: C = 1 pF for al1 nodes, Rps, = 500 Cl for al1 pass transistors 
Rbuf = 1OOO 12 Td,buf = 0.6 ns Sor al1 buffered switches. 

Assume crit(i J )  z 1, a = 1 

-; x- - , Two choices of path back to 
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Nodes expected to be used to complete 
conncction from node n to sink 

, 0 

source i : 
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Previously expanded nodes ', Path c, ' 
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(a) Two aiternative paths reach nodc n during wave expansion. 

- 
Node, n, expanded via Path b 

PathCost(n, Path b) = 3 ns - Path b 
PathCost(n.Pathc)=3.1 ns s o u r c e i n  B % sinkj 

(b) If PathCost is used to rank (sort) alternatives, Path b is chosen. Sink delay = 7.5 ns. 

Node, n,  expanded via Path c 
- - TotaICost(n, Path b) = 7.5 ns 

source i 
Path c 

J-L, TotalCost(n, Path c) = 6.6 ns - 

(c) If TotaICost is used to rank (sort) alternatives, Path c is chosen. Sink delay = 6.6 ns. 

Figure 4.15: Wave expansion showing why ranking alternatives by TotalCost is necessary. 

at some point in the wave expansion, we need to know not only the discharge resistance back 

toward the net source, Rupsmm, but also the total expected downstream capacitance needed to go 

from this point to the target sink. Equation (4.17) makes an approximation of this downstream 

capacitance visible through the ExpectedCost from node n to the target sink, and therefore leads 

to more intelligent decisions as to what type of switch to use. Figure 4.15 illustrates a decision 

regarding whether to use a buffered switch or a pass transistor at some point in a wave expansion. 

If we choose the next node to expand in order to minimize the PathCost, given by (4.16), back to 

the net source, we create the net routing shown in Figure 4.15 (b). If we instead choose the next 

node to expand in order to minimize the TotalCost, (4.17), to the target sink, we create the net 

routing shown in Figure 4.15 (c). The routing tree of Figure 4.15 (c) has lower delay to the sink 

and is therefore the correct choice. 

Note that in most FPGA architectures it is not possibIe to separate the issue of buffer inser- 

tion from that of routing tree topology construction. Usudly, once a routing topology is chosen 

for a net (to rninimize wirelength, avoid congestion, use wires of the appropriate length, etc.) there 
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Let R = 1000 Q for al1 switches, C = 1 pF for al1 nodes, and Td,buf = 0.3 ns for a11 buffered switches. 
Assume c&(i j) E 1, a = 1 

, Nodes expected to be used to complete 
* - _ - - - - _  - C connection. ExpectedCost(n,j) = 9 ns 

*- - * - 7 - 
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in path back to source PathCost(n) = 6 ns, 
TotalCost(n) = 15 ns if a = 1 

(a) Expanding node n the first tirne leads to a TotalCost of 16.8. 

node n _ - - - - - _  -Nodes expected to be used to complete connection 
. ExpectedCost(nj) = 5 ns 

source i' ! sink j 

- - - _ _ _ - - -  
Previously expanded nodes O To re-expand node n via this buffer: 

I 

in path back to source ', I PathCost(n) = 8.6 ns 
b TotalCost(n) = 13.6 ns if a= 1 
' - *  

(b) Expanding node n a second time leads to a lowcr TotalCost(n), but creates an elcctricaIly-illegal loop. 

Figure 4.16: Adding a loop to a potential route can reduce the TotalCost of a node. 

is little or no choice remaining about which switches to use to connect the nodes in this routing 

tree. Consequently, we believe algorithm which simultaneously balance congestion avoidance, 

topology and wire length selection and buffering issues in one step are crucial in FPGA routing, 

and this is the approach we have taken in Our timing-driven router. 

ExpectedCost(n) is not a lower bound on the cost needed to reach 3 sink from node n in 

some FPGA architectures, and this introduces one further requirement into the maze expansion. 

A node, n, can be included along the same path twice and result in a lower TotalCost than would 

result if it were included in the routing path once. Figure 4.16 shows an example of this phenom- 

enon. To avoid the creation of electncally-illegal loops in û net's routing, we record both the 

TotalCost and PathCost at a node when it is expanded (these values are called StoredTotalCost(n) 

and StoredPathCost(n) in Figure 4.14), and we only allow a node to be re-expanded (re-inserted in 

the PnorityQueue) only if both the new PathCost and the new TotalCost are lower than the old 

values. In graph theoretic tems, the TotalCost defined by (4.17) is not a monotone path function, 

and maze routing algorithm are designed to operate only on monotone path functions [100]. 

Consequently, we need to augment the basic maze router algorithm to check for loops when using 

(4.17) as the cost of a path ending at a node, n. 
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Notice that in order to do a wave expansion that optimizes the Elmore delay, we must store 

three values for every entry, n, in the PnorityQueue: (TotalCost(n), PathCost(n), Rupsueam(n)}. 

The queue is soned based on the value of ToialCnst(n), and PathCost(n) and RUp,,,,(n) are used 

only to expand a node n when it is removed from the PnorityQueue. 

Once the target net sink, j, is reached, the PriontyQueue is emptied and a backtrace is per- 

formed to add the new connection to the routing tree, RT(i). This new connection can add extra 

load capacitance to the rest of the routing tree, and hence affect the Elmore delay of oiher parts of 

the tree. We compute the load capacitance not isolated by buffers introduced by the new connec- 

tion, and propagate it up the routing tree, RT(i), until we encounter a buffer isolating us from the 

rest of the tree. The Elmore delay of the entire subtree rooted at this isolating buffer is then 

updated. 

If there is another sink, j', to connect, every node r in RT(i) is then placed back on the Prior- 

ityQueue with a PathCost of 

PathCost(r) = crit(i, j') dehyEl,,,(r, topology) , (4.18) 

a TotalCost(r) given by (4.17), and the RUp,,,,,(r) value stored for each node in the routing tree. 

The directed search procedure is then started again to connect this routing tree to sink j'. 

4.4.3 Net Routing Algorithm Complexity 

The net routing algorithm above has the same complexity to route a k-terminal net as a con- 

ventional maze router, since we c m  evaluate both the cost of a node and the ExpectedCost from a 

node to the target sink in constant time. Routing a k-terminal net is an 0(k2 log k) operation if the 

FPGA is uncongested and the directed search is able to proceed straight to each target sink with- 

out backtracking. If the FPGA is highly congested, the directed search may have to search the 

entire routing graph before finding each sink in the worst case. In this case, the complexity of 

both the net routing aigorithm above and a conventional maze router is O(kR log R), where R is 

the number of nodes in the routing-resource graph. This worst case complexity almost never 

occurs, however, even for "high-stress" routing in which there is considerable congestion. The 

typicai complexity of the router is 0(k2 log k). 

4.4.4 Dynamic Base Costs 

One problem with signal routing dgorithms based on any form of maze router is that they 
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route a k-terminal net one connection, or sink, at a time. The best choice of wires to use in con- 

necting to a sink depends on the other sinks to be connected, but a maze router does not see such 

overall issues. In [8 11, Nag and Rutenbar changed the cost of long wire segments as a function of 

the span of the net being routed, in vider to bias the router to use the proper type of routing 

resources for each net. In a similar manner, we dynamically change the base cost of wire seg- 

ments that connect via pass transistors, as a function of the net fanout. 

Wire segments connected by pass transistors are not as efficient at routing high-fanout nets 

as wire segments connected by buffered routing switches. A routing tree connected entirely with 

pass transistors has no buffers isolating the capacitance of portions of the tree from other parts, so 

the switches tend to become heavily loaded, resulting in a large delay, as the tree becomes large. 

By updating the Elmore dehy of the routing tree, RT(i), after each sink is reached, we make the 

router aware of some of these issues. In subsequent connections it will notice that portions of the 

routing tree are becoming slow, and will tend to avoid starting tirne-critical connections from 

these portions of the routing tree. Consequently, either the net's routing will become more "star- 

like," with many connections sharing relatively little wiring, or many of the subsequent connec- 

tions will be made using wires that can be connected with buffers. Routing a high-fanout net as a 

star wastes considerable wiring, however. Similarly, routing the first several sinks of a net on 

wires that connect with pass transistors before beginning to use more wires connected with buff- 

ers also wastes wiring. A second problem is that if the router does not use a star-like topology 

because many of the net sinks are not delay-critical, it may slow down timing-critical connections 

made earlier for this net by adding capacitive loading to the routing tree in undesirable places. It 

would be better if the routing of a high-fanout net preferred to use buffered switches wherever 

possible, in order to maximize the possibility of re-using some of this wiring in later connections, 

and to minirnize the possibility of later connections affecting the timing of the early connections. 

The default base costs used in Our timing-driven router are the sarne as those given in Table 

4.1, except they are al1 normalized to the average delay of a routing resource so that both terms in 

(4.12) have roughly the same magnitude. We ran expenments to evaluate the effect of different 

base costs of wire segments as follows: we set the base cost of each wire to be proportional to its 

intrinsic delay, its Iength, the square root of its length, its length+ 1, and 1. Just as for the routabil- 

ity-driven router, we found that a using the sarne base cost for al1 wire segments (in this case, the 

average delay of a routing resource), regardless of length, was best. 

Before we begin the routing of a net, however, the DynamicallyUpdateBaseCosts routine of 
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Figure 4.14 is called to alter these default base costs as a function of the net fanout. The base cost 

of al1 wire segments that use pass transistors to connect to other wires of the same type are 

increased as a fgnction of the net fanout: 

where k is the number of terminais on the net. Wire segments that connect to other wires via buff- 

ers have their base cost left as the average delay of a routing resource. By increasing the base cost 

of certain nodes this way, we ensure that nets with high fanout prefer to use buffered routing 

resources, allowing the creation of buffered "spines" early in the net construction. Note that con- 

nections that are very delay cntical will still use pass transistor based routing if it is the fastest, 

since such connections pay little attention to base cost. Similarly, if the buffered routing resources 

become congested, the congestion avoidance terms in (4.12) will eventually force the use of 

unbuffered routing resources even for high-fanout nets. We tned using (k- 1)  instead of the square 

root of k- 1 in Equation (4.19), but this made pass transistor based routing too expensive, and led 

to slightly inferior results. 

The routing-resource graph is very large, so scanning through the entire graph changing 

b(n) for each node n before routing each net would be prohibitively slow. Instead, at each node, n, 

we store a pointer to a base cost to be used for a routing resource of n's type. Consequently. to 

change the base costs dynamically the number of values we must update is equal to the number of 

different routing-resource types in the FPGA. Since FPGAs tend to contain only a few different 

lengths of wire, and they are interconnected using only a few different types of switches, updating 

the base costs this way does not consume a significant amount of CPU time. 

Table 4.2 shows the performance of our timing-driven router with and without this dynamic 

costing enhancement for 15 large MCNC circuits. The FPGA architecture in this experiment had 

five different wire types, in equal proportions: lengths 1 ,2 ,4 ,8  and long lines. The length 1 and 

2 lines used pass transistor switches to connect to each other, while the other wires used buffered 

routing switches. Each logic block is a logic cluster containing 4 BLEs and with 10 inputs. 

Finally, each circuit is routed in an FPGA with 20% more tracks per channel than the absolute 

minimum required for successful routing. On 9 of the 15 circuits, dynamic costing improved the 

circuit speed; on 3 circuits dynamic costing slowed the circuits slightly, and on the remaining 3 

there was no change. On average, the circuits sped up by 4%. This speedup is more significant 

than one might first assume. Without dynamic costing, the circuit delay is 5% higher than the 
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minimum the router can achieve while ignoring congestion and routing every connection for min- 

imum delay. With dynamic costing, the circuit delay is only 1% higher than this congestion- 

oblivious delay. Note also that the CPU time to route the circuits is 33% higher without dynamic 

costing than with it. By minimizing the construction of "stars" for hish-fanout nets, dynamic 

costing resulk in shorter wave expansions and saves CPU time. 

Table 4.2: Effectiveness of dynamic base costs for routing resources. 

Without Dynamic Costing 
Circuit # 4-LUTs 

With Dynamic Costing Delay (ns) 
Ignoring 

Congestion" Delay (ns) CPU (s) 

bigkey 1 1707 

des 1 1591 

diffeq 1 1497 

dsip 1 1370 

elliptic 1 3604 

spla 1 3690 

tseng 

Arith. Av: 

Geom. Av: 1 1764 

a. Note that the congestion-oblivious routing delay is not a lower bound on the achievable delay, so 
occasionally the delay with congestion is lower than the congestion-oblivious delay. In fact there is 
currently no known algorithm to route a net with guaranteed minimum Elmore delay, short of 
exhaustively searching ail possibilities [ 1241. 

4.4.5 Routing Schedule 
We found that the best routing schedule for the timing-dnven router was very similar to the 

best schedule for the routability-driven router, which was described in Section 4.3.1. We set hl, 
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to 1 for al1 routing iterations, pf, to 0.5 for the first two routing iterations, and to twice its previ- 

ous value for al1 subsequent iterations. Making the cost of congestion very high even in the first 

few iterations sacrifices considerable result quality, often increasing the routcd critical path delay 

by 33%. As well, making congestim expensive immediately does not consistently Save CPU time 

for the timing-driven router. While making congestion very expensive early reduces the number 

of router iterations, it tends to make the directed search detour around congestion more in the 

early iterations. The net effect is sometimes a reduction in CPU time, and sometimes an increase. 

For most FPGA architectures 30 router iterations are sufficient to route even difficult prob- 

lems. For FPGAs composed of very large logic blocks with many pins, however, we found that 

the timing-driven router sometimes needed 60 iterations to route difficult problems. 

4.5 Delay Extraction and Timing Analysis 
VPR contains a delay extractor that computes the Elmore delay of any routed net. To make 

delay extraction faster, after the routing-resource graph is built we traverse the graph once and 

lump al1 the parasitic switch capacitance, plus the metal capacitance, into a total capacitance 

value, CtOtaI, at each node. Every node in the routing-resource graph can have a different Ctotai, 

and a different distributed metal resistance, Rmetal. Similarly, every switch in the FPGA can have 

a different Rswitch and intrinsic delay. We compute the Elmore delay to every routing-resource 

node in a net in linear time via two depth-fint traversals of the tree describing the net's routing. 

We can also incremenially update the Elrnore delay of a tree as new connections are added to the 

tree. 

VPR also includes a full path-based timing analyzer (timing analysis was described in Sec- 

tion 2.2.5) that can determine both the critical path of a circuit and the slack of every connection 

to be routed. This timing analyzer will work with any logic block. The architecture description 

file lists the delay of every combinational and sequential element in a logic block, and the circuit 

netlist can specify a different interconnection pattern between logic block inputs, outputs and 

these internai combinational and sequential elernents for each logic block in the circuit. After the 

netlist is read, a graph descnbing the circuit timing relationships is created. We perfom a 

breadth-first traversal of this graph in order to levelize it. Graph nodes with no inputs, such as 

input pads, are inserted in the level O list, while nodes with fan-in only from level O nodes go into 

the level 1 list and so on. Levelizing the timing graph in this way speeds the subsequent breadth- 
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first traversals needed to determine the net slacks after each iteration of the router. After routing, 

the net delays computed by the delay extractor are back-annotated into the timing graph, and two 

breadthifirst traversals of the graph are used to compute the criticai path and the slack of each 

connection. This timing analyzer cs i  dso be operated as a stand-alone tool by invoking VPR 

with the appropriate cornmand line options [ 1291. 

Since optimizing the timing of a routing usually requires multiple iterations of routing, 

extracting the net delays and performing timing analysis, we took considerable care to ensure 

delay extraction and timing analysis were both fast. Table 4.3 summarizes the time required to 

perfonn various operations on the largest MCNC benchmark, clma, which contains 838 1 4-input 

LUTs and 33 registers. Finally, as Appendix A shows, VPR's built-in graphics can display the 

nets on the critical path to make the speed bottlenecks in an FPGA apparent. 

Table 4.3: CPU times to perform operations on circuit clma (838 1 4-input LUTs). 

1 Build and levelize timing graph (78 000 nodes) 1 0.25 s 1 

Operation 

Extract net delays (30 455 Zpoint connections) 

b k - a n n i t a t e  net delays and perform timing analysis 1 0.08 s 1 

CPU (s), 300 MHz UltraSparc 

0.7 s 

4.6 Router and Placement Algorithm Validation 

4.6.1 Routability-Driven Router and Placement Algorithm 
In this section we evaluate the quality of Our routability-driven routing algorithm and our 

placement algorithm by comparing their results to those of other published CAD tools on a set of 

standard benchmark circuits [15]. The various FPGA parameten used in this section were always 

chosen to dlow a direct cornparison with previously published results. Al1 the results in this sec- 

tion were obtained with a logic block consisting a single BLE; that is, a 4-input LUT plus a flip 

Rop, as shown in Figure 3.1. The dock net was not routed in sequential circuits, as it is usually 

routed via a dedicated routing network in commercial FPGAs. Each LUT input appears on one 

side of the logic block, while the logic block output is accessible from both the bottom and right 

sides, as shown in Figure 4.17. Each logic block input or output can connect to any track in the 

adjacent channel(s) (i.e. F, = W). Each wire segment can connect to three other wiring segments 

at channel intersections (i.e Fs = 3) and the switch box topology used is the disjoint topology 
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in1 out 

Figure 4.17: Logic block pin locations. 

shown in Figurc 4.7 (a). There are no standard benchmark results available for routing FPGAs 

that contain long wire segments, so al1 routing wires are of length 1 in the target architecture. 

Experimental ResuIts with Input-Pin Doglegs 
Most previous FPGA routing results have assumed that "input-pin doglegs" [96] are possi- 

ble. One way to build the connection box between an input pin and the tracks to which it connects 

uses Fc independent pass transistors controlled by Fc SRAM bits. In this case it is possible to turn 

on two of these switches in order to electrically connect two tracks via the input pin, as shown in 

Figure 4.18(a). This type of connection is called an input-pin dogleg. Commercial FPGAs, how- 

ever, use a multiplexer to implement the connection box from an input pin to a channel, as shown 

in Figure 4.18(b). Hence only one track may be connected to an input pin. Using a multiplexer 

rather than independent pass transistors saves considerable area in the FPGA layout. As well, 

normally there is a buffer between a track and the connection block multiplexers to which it con- 

nects in order to improve speed; this buffer also means that input-pin doglegs can not be used. 

Therefore, while we allow input-pin doglegs in this section in order to make a fair cornparison 

with past results, it would be best if in the future FPGA routers were tested without input-pin dog- 

legs. 

Table 4.4 lists the minimum number of tracks per channel required for a successful routing 

by various CAD tools on a set of 9 MCNC benchmark circuits. Al1 the results in Table 4.4 are 

Two "on" pass transistors 
create an input-pin dogIeg 

(a) Connection box to an input pin implemented via (b) More redistic connection box to an input pin. 
Fc p a s  transistors allows input-pin doglegs. 

Figure 4.18: Two methods of building an input pin connection box. 
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obtained by routing a placement produced by Altor [62], a min-cut based placement tool. Three 

of the columns consist of two-step (global then detailecï) routing, while the other routers pexform 

combined global and detailed rûuting. VPR's routability-driven router requires 10% fewer tracks 

than the second best router, and the third best router consists of VPR's global route phase plus 

SESA YS] for detailed routing. 

Table 4.4: Tracks required to route placements generated by Altor (input-pin doglegs allowed). 

Table 4.5 lists the number of tracks required to implement these benchmarks by tools which 

change both the placemenr and the routing of the circuits. The size column lists the number of 

logic blocks in each circuit. VPR uses 13% fewer tracks when it performs combined global and 

detailed routing than it does when SEGA is used to perform detailed routing on a a VPR-gener- 

ated global route. The FPR tool [83] first performs placement and global routing simultaneously 

with a partitioning-based algorithrn, and then performs a separate detailed routing step. It 

requires 87% more total tracks than VPR, so it appears that performing global and detaîled rout- 

ing in one step is more important than performing placement and global routing together. Finally, 

allowing VPR to place the circuits instead of forcing it to use the Altor placements reduces the 

number of tracks VPR requires to route them by 40%, indicating that VPR's simulated annealing 

based placer is considerably better than the Altor min-cut placer. 

Global Router 

Detail Router 

G B ~  
[861 

L O C U S R O U ~ ~  ~921  

9symml 

alu2 

alu4 

apex7 

example2 

k2 

term 1 

too-large 

vda 
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TRACER 
[89] CGE [94] 

OGC 
[871 
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i ls]  

6 

9 
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8 

10 

14 

7 

9 

I l  

85 

SEGA (951 

6 

8 
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15 

13 

18 

19 

10 

13 

14 
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9 

9 

12 
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12 

16 

9 

1 1  

1 1  

99 

SEGA [96] 

9 

10 

13 

13 

17 

16 

9 

I I  

14 

112 

8 

9 

1 1  

10 

I I  

15 

8 

9 

1 1  
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10 

12 

13 

110 

7 

8 

I O  

10 

10 

14 

8 

10 

12 

94 

10 

12 

89 
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Table 4.5: Tracks required to place and route circuits (input-pin doglegs allowed). 

Placement 
Number of 

Global Routing Logic Blocks 
in Circuit 

Detailed Routing 

9symml . 1 SEGA 1 1 

Experimental Results Without Input Pin Doglegs 

Table 4.6 compares the performance of VPR with that of the SPLACE/SROUTE [29] tool 

set, which does not allow input pin doglegs. SROUTE is an iterated maze router -- when some 

nets fail to route, it rips up every net in the circuit and tries routing them again, with nets that 

would not route in the last iteration routed first in this new iteration. When both tools are altowed 

only to route an Altor-generated placement VPR requires 13% fewer tracks than SROUTE. Since 

VPR's routability-driven router is also based on a maze router, this difference is due to the more 

sophisticated congestion avoidance scheme used in VPR. When the tools are allowed to both 

place and route the circuits, VPR requires 29% fewer tracks than the SPLACUSROUTE combi- 

nation. Both VPR and SPLACE are based on simulated annealing. We believe the difference in 

result quality is due mainly to the higher quality of VPR's annealing schedule. 

The benchmarks used in the previous three tables range in size from 54 to 358 logic blocks, 

and accordingly are too small to be very representative of today's FPGAs. Table 4.7 presents 

results for the 20 largest MCNC benchmark circuits, which range in size from 1047 to 8383 logic 

blocks. We use Flowmap [42] to technology map each circuit to 4-LUTs and Rip Rops, and 

VPack to combine Rip flops and LUTs into BLEs. The number of I/0 pads that fit per row or col- 

umn is set to 2, in line with current commercial FPGAs. Each circuit is placed and routed in the 

vda 

Total 

208 

-- 
13 

1 03 

9 

62 

8 

55 
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Table 4.6: Tracks required to place and route circuits (no input-pin doglegs allowed). 

1 Global + Detailed Route ( SROUTE [29] ( VPR ( SROUTE ( l 
Placement 

smallest square FPGA which can contain it. Input-pin doglegs are not allowed. Note that three of 

the benchmarks, bigkey, des, and dsip, are pad-limited in the FPGA architecture assurned. 

Table 4.7: Channel widths required to place and route the 20 largest MCNC benchmark circuits. 

Altor 
1 

example2 

k2 

tenn 1 

too-large 

vda 

TotaI 

Circuit ( # LBS 1 SEGA ( VPR ( 

des 115911 ;; 1 1 diffeq 1497 

SPLACE 129 j 

I l  

15 

8 

i 1 

12 

94 

Circuit 1 # LBS 1 SEGA 1 VPR 1 

VPR 

"t"t ; i y o l  
elliptic 3604 

10 

14 

7 

9 

10 

Circuit 1 #LBS ( SEGA 1 VPR 1 

Table 4.7 compares the number of tracks required to place and completely route circuits 

7 

1 I 

5 

8 

10 

with VPR with the number required to place and globally route the circuits with VPR and then 

5 

9 

4 

7 

8 

perform detailed routing with SEGA. Using SEGA to perfom detailed routing on a global route 

55 83 

generated by VPR increases the total number of tracks required to route the circuits by 70% vs. 

7 1 

having VPR perform the routing completely. This large track count increase is likely due to the 

reduced optirnization possibilities when global and detailed routing are performed separately, par- 



Routing Tools and Routing Architecture Generation 

ticularly when input-pin doglegs are not allowed. 

To encourage other FPGA researchers to publish routing results using these larger bench- 

marks, we have issued an "FPGA challenge" to the research community. We will pay researchers 

$1 for each track by which they reduce the total number of tracks required from that of the previ- 

ously best results. The technology-mapped netlists, the placements generated by VPR and the 

currently best routing track total are available at http://www.eecg.toronto.edu/-jayarkoft- 

ware.htm1. In the year since this challenge was issued (in a presentation at the FPL '97 workshop 

in London, UK), no CAD tool has beaten Our track count totals. 

4.6.2 Timing-Driven Router 

Unfortunately, there are no standard benchmark results available to compare timing-driven 

FPGA routers on the basis of timing. Lee and Wu 1891 provided critical path delay values for sev- 

eral MCNC benchmark circuits routed with Tracer and with SEGA, but they did not provide 

information on the logic block delays, switch resistances etc. used to compute these delays. As 

well, they used the Penfield-Rubinstein rather than the Elmore delay, so even if we determined 

these values we could not directly compare Our timing to theirs. Finally, the FPGA architecture 

they targeted inciuded only unit length wires connected by pass transistors, so it is not a good 

mode1 of current commercial FPGAs. 

We instead validate Our timing-driven router by comparing the minimum track count and 

the critical path delay it can achieve to that of our routability-driven router. The routing architec- 

ture we use for this comparison is very similar to that of the recent Xilinx 4000X series FPGAs 

[135, 1361.' This routing architecture contains 25% length 1 wires, 12.5% length 2 wires, 37.5% 

length 4 wires, and 25% "one-quarter longs", whose length is one-fourth of the chip. The length 

1 and 2 wires connect via pass transistors, while the longer wires connect via tri-state buffers. As 

well, pass transistor switches also allow the length 4 wires to connect to the length 1 and 2 wires, 

and the one-quarter longs to connect to length 1 wires. The logic block used in this experirnent is 

a logic cluster of four BLEs, with 10 inputs per logic block -- this is more typical of the cornplex- 

ity of modem FPGA logic blocks than a single BLE logic block. We extracted the timing param- 

eters for this FPGA architecture from SPICE simulations of a 0.35 pm TSMC process (see 

Section 7.2.3). 

1. Many thanks to Jordan Swartz, who enhanced the VPR routing graph generator to create this Xilinx 
4000X-like routing architecture [ I  361. 
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Table 4.8 summarizes the results on the 20 largest MCNC circuits. The Wmin columns give 

the minimum number of tracks per channel required by each router to successfuliy route each cir- 

cuit. We define a low-stress routing [122] to be a routing in which there are 20% more tracks per 

channel than the minimum number of tracks per channel, Wmin, required by the timing-driven 

router. We present the critical path delay achieved by each router under low-stress routing condi- 

tions because this is the typical routing case in FPGAs -- usually there are some spare tracks. The 

infinite-routing column gives the delay achievable by the timing-driven router when it ignores 

congestion completely -- that is, when it assumes it has an infinite supply of routing. Finally, the 

CPU time column indicates the time required to complete each low-stress routing on a 300 MHz 

Ultras parc workstation. 

In Section 4.6.1 we showed that other CAD tools to which we can compare required from 

10% to 87% more tracks to route circuits than VPR's routability-driven router. Table 4.8 shows 

that our timing-driven router requires only 6% more tracks than our routability-dnven router, on 

average, so it is clear that VPR's timing-driven router perfoms very well in terms of circuit 

routability. 

The circuit timing columns show that a timing-driven router is crucial to good circuit 

speed. The circuits produced by the timing-driven router are from 1.5 to 5 times faster than those 

produced by the routability-driven router, and the average circuit speedup due to timing-driven 

routing is over 2.6 times. With only 20% extra tracks, the timing-driven router cornes within 12% 

of the delay value it can achieve when ignoring congestion -- that is, the delay value it could 

achieve with infinite tracks. Although not shown in Table 4.8, the average delay achieved by the 

timing-driven router for high-stress routing, where W = Wmin, is only 3 1 % higher than the delay 

value it can achieve with infinite tracks. This graceful degradation in circuit delay as the routing 

problem becomes increasingly difficult is an attractive property. We will show in Section 7.7 that 

the Xilinx 4000X routing architecture is suboptimal -- it contains too many short wire segments. 

With segmentation distributions that are better matched to the needs of typical circuits, VPR's 

timing-driven router achieves low-stress routing delays averaging only 1% to 5% higher than the 

delays achievable with infinite routing. 

Finally, notice that the CPU time required to complete a low-stress routing is from 3.3 to 

16.3 times less (ten times less on average) for the timing-driven router than for the routability- 

driven router. This shows the superiority of the directed-search algorithm employed in the tirning- 
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Table 4.8: Cornparison of timing-driven router to routability-driven router. 

Circuit 

Routability-Driven Router Timing-Driven Router 

Delay (ns) 

- -- - 

Low-Stress Low-Stress 00-Routing 
wmio / Delay (os) 1 CPU (SI 1 Delay (ni) 

1 bigkey 

1 des 

1 dsip 

driven router over even the optimized breadth-first search used in the routability-driven router. A 

breadth-first search slows down considerably on FPGAs like this which have large logic biocks, 

and hence large W values. The CPU time of a depth-first search, on the other hand, is largely 

insensitive to W. The timing-driven router is very fast; it required only 3.2 minutes to route clma, 

which contains over 8300 4-LUTs. 



Routing Tools and Routing Architecture Generation 

4.7 Surnmary 
In this chapter we described the routing portion of the Versatile Place and Route CAD tool. 

To achieve VPR's goal of flexibility, the entire routing portion of the tool works with a routing- 

resource graph representation of an FPGA; by changing the routing-resource graph, radically dif- 

ferent FPGAs can be investigated. VPR includes an FPGA architecture generator that can gener- 

ate a routing-resource graph from a succinct architectural description, making it easy to describe 

and investigate many architectures quickly. This automatic generation of good FPGA architec- 

tures from a list of parameter specifications is a new and interesting problem in FPGA CAD. 

This chapter described the algorithms used in both the routability-driven and the timing- 

driven routers included in VPR. The VPR timing-driven muter is the first FPGA router that 

directly optimizes the Elmore delay, and the first published router that can properly optimize for 

FPGAs that contain both pzss transistors and tri-state buffers in their routing. VPR also includes 

high-quality net delay extraction and path-based timing analysis modules. 

The result quality of the VPR routers and of the VPR placement algorithm is very high. 

The routability-driven router outperfoms al1 routers to which we can compare in terms of routing 

circuits with the minimum amount of FPGA routing. As well, the combination of VPR's place- 

ment and routability-driven routing algorithms outperforms al1 combinations of place and route 

tools to which we can compare. The timing-driven router also produces excellent results. It 

requires only slightly (6%) more tracks per channe1 than the routability-driven router, and pro- 

duces circuits that are 2.6 times faster, on average. 

In the next three chapters, we use the VPR and VPack CAD tools described in this chapter 

and in Chapter 3 to investigate three different issues in FPGA architecture. The next chapter 

describes Our investigation into the first of these three issues: FPGA global routing architecture. 
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Chapter 5 

Global Routing Architecture 

In this chapter we investigate which global routing architectures lead to the best FPGA 

area-efficiency [2, 31. We use the term global routing architecture to refer to the distribution of 

routing tracks across an FPGA; that is, the relative number of tracks contained in each channel of 

the FPGA. In the next section we describe some of the different types of global routing architec- 

tures, and explain why this is an important problem in FPGA design. Section 5.2 describes the 

experimental flow we use to evaluate different global routing architectures -- this Row is based on 

the CAD tools described in Chapters 3 and 4. In Section 5.3 we investigate directionally-biased 

global routing architectures, in which the channels in the vertical direction have a different width 

than those in the horizontal direction. Section 5.4 examines non-unifonn global routing architec- 

tures, which have wider channels in some regions of the FPGA than in others. 

5.1 Motivation 
Recall that in FPGAs al1 routing resources are prefabricated. This means that the number of 

routing tracks in each channel is set by the FPGA manufacturer; this is quite different from the sit- 

uation with MPGAs and standard cells, where channels can be made narrower or wider according 

to the needs of a circuit. The goal of an FPGA architect is to distribute these routing resources in 

a manner that permits their efficient utilization by the largest class of circuits. If there are too few 

tracks in some area of the chip then many circuits will be unroutable, while if there are too many 

tracks they will often be wasted. The relatively low density of F'PGAs makes an area-efficient 

global routing architecture essentiai. 

This work addresses two fundamental questions conceming FPGA global routing architec- 
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nires. First, should the number of tracks in the horizontal channels be different from the number 

in the vertical channels? Figure 5.1 (a) depicts an FPGA with such a directional bias. In essence, 

we are investigating if there is an intnnsic property of circuits that makes a directional bias more 

area-efficient. If so, what amount of bias is best? Commercial FPGAs with both unbiased routing 

[4, 51 and biased routing [6,7] exist, so this question has clear commercial relevance. 

Second, should al1 routing channels in the same direction in an FPGA contain the same 

number of tracks or is a non-uniform routing architecture, in which some channels are wider than 

others, preferable? An example FPGA with a non-uniform routing architecture is shown in Fig- 

ure 5.1 (b).' Intuitively, such an architecture may facilitate routing in congested regions. How- 

ever, if the wider channels cannot be used efficiently they will waste area. Many in the FPGA 

community believe that most routing congestion occurs near the center of an FPGA, and therefore 

expect that wider channels in this region would be beneficial. The Lucent Technologies ORCA 

2C FPGAs employ a non-uniform routing architecture of this type, in which the center channel is 

wider than the others [137]. 

On the other hand, board-level constraints often force designers to fix the position of an 

FPGA's YOs, and some believe that this increases congestion near the chip edges, and therefore 

the channel between the pads and the logic block array should be widened. The Xiiinx 4000 and 

5000 senes FPGAs have a wide channel between the pads and logic, at least partially to irnprove 

routability when the V 0  locations are fixed 110, 13 11. In Section 5.4, we determine the best distri- 

2 tracks 
4 tracks 2 tracks 

(a) Directionally-biased (b) Non-uniform 

Figure 5.1: Global routing architectures: (a) directionally-biased and (b) non-uniform. 

1. Note that any given channel will dways have the same number of tracks dong its entire Iength. We did 
not consider varying the channel capacity dong its Iength as this makes it very difficult, and likely 
impractical, to lay out the FPGA. 
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bution of tracks across an FPGA both when the VO assignment to pads is unconstrained and when 

it is fixed in a poor configuration. 

5.2 Experimental Methodology 
We evaluate FPGA architectures experimentaily, iising a CAD flow similar to that used in 

commercial FPGAs to automatically implement circuiü. We compare the area-efficiency of dif- 

ferent global routing architectures by technology-mapping, placing and globally routing 26 of the 

larger MCNC benchmark circuits 11321 into each architecture. In this section we describe the 

CAD flow, the area-efficiency metric used to compare architectures, and several important archi- 

tectural detaik. 

5.2.1 CAD Flow 
Figure 5.2 summarizes the CAD flow. First, SIS [138] is used to perform technology-inde- 

pendent logic optimization on a circuit. Next this circuit is technology-rnapped by Flowmap [42] 

into four-input look-up tables (4-LUTs) and registers; the Flowpack post-processing algorithm 

[42] is then run to further optimize the mapping and reduce the number of LUTs required. The 

logic block used in these experiments is a single BLE (a CLUT plus a register); the structure of a 

BLE is shown in Figure 3.l(a). VPack packs 4-LUTs and registers together into these logic 

Benchmark circuit + 
Logic optimization (SIS) 

Technology mapping (Fiowmap + Flowpack) 

1 Pack ETs and LUTs into BLEs (VPack) 1 

I Placement (VPR) 1 
Global 1 

routing - 
architecture Global routing (VPR) 

I 
Adjust channel widths 

Record # TracksKile 

Figure 5.2: Architecture evduation flow. 
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blocks. 

The netlist of logic blocks and a description of the FPGA global routing architecture are 

then read into our placement and routing tool, VPR. VPR first places the circuit, and then repeat- 

edly globally routes (or atternpts to route) the circuit with different numbers s f  tracks in each 

channel, or channel capacities. The router used in this phase is the routability-driven router 

described in Section 4.3. VPR performs a binary search on the channel capacities, increasing 

them after a failed routing and reducing them after a successful one, until it finds the minimum 

number of tracks required for the circuit to globally route successfully on a givcn global routing 

architecture. Note that while the absolute number of tracks per channel is adjusted upwards or 

downwards after each attempted routing, the relative numbers of tracks in the various channels 

across the FPGA are always kept at the values specified by the FPGA architecture. For example, 

VPR's first attempt at routing a circuit in an architecture with a two-to-one directional bias might 

assume horizontal channel capacities of twelve tracks and vertical channel capacities of six tracks. 

If this routing was successful, VPR would next attempt to route the circuit in an FPGA with hori- 

zontal channel capacities of six tracks and vertical channel capacities of three tracks, and so on 

until the minimum number of tracks required for routing is determined. 

To compare architectures fairly, it is important ihat the CAD tools properly optimize for 

each architecture tested. Both the placement and routing phases of VPR take advantage of the 

biased and non-uniform nature of the difierent global routing architectures. Section 3.2.3 

descnbed the linear congestion cost function used by VPR dunng placement -- this cost function 

leads to placements in which more congested parts of the design are placed in regions or direc- 

tions with more routing. As described in Section 4.3.1, in the VPR routability-driven router the 

cost of a routing resource is a function of the congestion, or amount by which demand exceeds 

capacity, at that resource. Consequently, Our router will automatically act to relieve congestion in 

narrow channels by re-routing signals through wider channels whenever necessary. 

The benchmark circuits used in this study consist of 14 combinational and 12 sequential 

MCNC benchmark circuits, which Vary in size from 222 to 1878 BLEs. 

5.2.2 Area-Efficiency Metric 
Our goai is to measure the area-efficiency of different global routing architectures without 

reference to the detailed routing architecture (e.g. segmentation distribution and switch block 

topology). At this level, it is the arnount of "global wiring" that changes as we Vary the architec- 
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ture. A simple track count will not accurately represent the wiring area of rectangular FPGAs, as 

the tracks in one direction are longer than those in the other. Accordingly, we define a track seg- 

ment to be a prefabricated wire that spans one logic block; a channel of width W tracks that spans 

L logic blocks contains WL track segments. The total number of track segments an FPGA must 

contain to globally route a circuii is a representative metric of the "global wiring" area. In order 

to average the results from circuits of differing sizes we use the average number of track segments 

per tile (i.e. per logic block) as our area measure. For example, in a square M x M uniform FPGA 

with W tracks in each channel, the total nurnber of track segments is ~ w . M ~ ,  and the number of 

tracks per tile is 2W. Note that the routing area is given by the total number of track segments in 

the entire FPGA, and not the number of track segments which are actually used by a circuit. 

5.2.3 Significant FPGA Architectural Details 
Several architectural parameters other than the global routing architecture must be specified 

in order to define an FPGA. We set these parameters to be as close to those of commercial FPGAs 

as possible. 

First, the size of the logic block array used for a given circuit is set to the smallest value 

with the desired aspect ratio (number of columns 1 number of rows) with sufficient logic blocks to 

accommodate the circuit (e.g. 11  x 11 logic blocks). This situation, in which there is minimal 

"spare room" in the FPGA, presents the greatest challenge to routing completion and is normally 

the case manufachirers wish to optimize. 

In this snidy the number of y0 pads that can fit into the height or width of a logic block is 

set to two. This number is commensurate with the relative sizes of y0 pads and 4-LUTs in cur- 

rent FPGAs [4,5,7] and ensures that none of the 26 benchmarks is pad-limited. 

Finally, we do not route the clock net (dl the MCNC benchmarks use only a single clock) in 

sequential circuits, since this net is normally distributed through a speciai clocking network in 

commercial FPGAs. 

5.3 Experimental Results: Directionally-Biased Routing 
The experimental framework and tools described above were employed to answer the ques- 

tions posed in Section 5.1: first, is there an area-efficiency advantage to a directionally-biased 

architecture? Recall that in a directionally-biased FPGA the number of routing tracks per channel 

in the horizontal and vertical directions are different. In essence, we are investigating if there is an 
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(a) Full-perimeter pin positioning (b) Tophottom pin positioning 

Figure 5.3: Logic block pin positions: (a) full-perimeter and (b) tophottom pin positioning. 

exploitable directional bias in the basic nature of circuits. We characterize directionally-biased 

FPGAs by the ratio of the width of a horizontal channel to the width of a vertical channel, denoted 

as Rh. For example, Figure 5.1 (a) depicts an FPGA with a 2: 1 directional bias, Le. Rh = 2. 

We need to define an additional architectural feature which rnarkedly affects our results: the 

positioning of the pins on the logic block. The two main cases of interest are illustrated in Figure 

5.3. In Figure 5.3 (a), the logic block input and output pins are distributed evenly around the 

entire penrneter of each logic block. We cal1 this the full-perimeter pin positioning, and it  is sim- 

ilar to the pin positioning used in Xilinx and Lucent Technologies FPGAs [4, 51. Figure 5.3 (b) 

illustrates the tophottom pin positioning, which restricts the logic block input pin locations to lie 

only on the top and bottom of the logic block; it is similar to the pin positioning used in Acte1 

FPGAs [6] .  In al1 the results we show in this and subsequent chapters, each logic block pin 

appears on (i.e. is accessible from) only one side of a logic block. We have found that for the F, 

values found in today's commercial FPGAs this leads to the most area-efficient FPGAs [ I  391. 

We have aiso found that the ratio of the number of columns to the number of rows in an 

FPGA, which we cd1 the logic block array aspect ratio, significantly affects area efficiency. Since 

most FPGAs have the same number of rows and columns, we first present the results for square 

(aspect ratio 1) FPGAs, before discussing the more general case of rectangular FPGAs in Section 

5.3.2. 

5.3.1 Results for Square Logic Block Arrays 
Twenty-six large MCNC benchmarks were passed through the experimental flow of Figure 

5.2 for values of Rh ranging from 1 to 4. As discussed in Section 5.2, the result for each circuit is 

the number of track segments per tile needed to successfully global route the circuit in an FPGA' 

1. Track segments are counted whether or not they are actuaily used, so this is a true representation of the 
area that must be devoted to routing in the layout. 
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Figure 5.4: Area-efficiency vs. directional bias for square FPGAs. 

with the specified value of Rh. Figure 5.4 is a plot of area-efficiency versus the degree of routing 

direction bias, Rh, for both types of pin positioning. The vertical axis is the average number of 

tracks per tile required to successfully route the 26 benchmarks. Table 5.1 summarizes how well 

each of the seven largest circuits maps into FPGAs with differing amounts of directional bias for 

both pin positionings; the results for individual circuits closely parallel the overall average shown 

in Figure 5.4. 

Table 5.1: Routing requirements of the largest benchmarks vs. directional bias. 

Circuit 

alu4 

apex2 

apex4 

diffeq 

ex5p 

misex3 

seq 

Number 
of Logic 
Blocks 

- - 

Tracks per Tile Required for Global Routing 

Full-Perimeter Pins Case I Top/Bottom Pins Case I 

Figure 5.4 shows that for the full-perimeter logic block pin positioning the best architecture 

has no directional bias. However, when the pins are restricted to the top and bottom of the logic 
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(a) Full-pcrimeter pins (b) Toplbottom pins 

Figure 5.5: Example multi-terminal net routing with (a) full-perimeter and (b) tophottom pins. 

block, the most efficient architecture has horizontal channels which are roughly twice as thick as 

the vertical channels. Another important conclusion is that the best full-perimeter architecture is 

about 8% more area-efficient than the best tophottom pin architecture. 

The full-perimeter architecture is more area-efficient because there is a greater chance that 

the block input pins are closer to their desired connections when they are in this configuration 

than when they are in the tophottom configuration. For example, consider the two routings of a 

multi-terminal net shown in Figure 5.5. The top/bottom pin configuration needs six track seg- 

ments to route this iiet, while the full-perimeter configuration requires only five. By making use 

of the functional equivalence of LUT input pins during routing, the router can often connect to a 

logic block pin adjoining a track segment it needs to use for other connections, essentially making 

the connection to this logic block for free. Since the tophottom pin configuration has input pins 

bordering on only the horizontal channels, such "free" connections into logic blocks are less fre- 

quent, reducing area-efficiency. 

The full-perimeter pins configuration achieves the highest area-efficiency when there is no 

directional bias to the routing because this makes the difficulty of routing to each of a logic 

block's nearest neighbors roughly equal. Consequently, the placement software can use al1 the 

nearby logic block locations equally to cluster the fanout of a net around its driver. Essentially, 

this allows one to cluster tightly coupled portions of logic in the smallest possible area. The top/ 

bottom pins configuration, on the other hand, prefers a 2: 1 directional bias because every connec- 

tion to a logic block pin must corne from a horizontal channel. This extra pressure on the horizon- 

tal routing resources is significant, since the average distance routed between pins is only about 3 

track segments. 

5.3.2 Results for Rectangular Logic Block Arrays 
We cal1 any logic block array in which the number of rows does not equd the number of 
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m rows 

2m columns 

Figure 5.6: An FPGA with a logic block array aspect ratio of 2. 

columns rectangular. The basic reason to use a rectangular logic block array is to change the 

aspect ratio of the resulting FPGA die. For example, if the layout of the basic FPGA tile is not 

square, an FPGA manufacturer may want to create a square die by using more columns than rows, 

or vice versa. On the other hand, FPGA manufacturers rnay want to increase the YO-to-logic ratio 

by creating a rectangular FPGA die, as this increases the die perimeter and hence the number of 

pads. In this case, if the basic tile layout is square an FPGA manufacturer rnay use a rectangular 

logic block array to create a rectangular FPGA. We refer to the ratio of the number of columns in 

an FPGA to the number of rows as its logic block array aspect ratio. Figure 5.6 depicts an FPGA 

with a logic block array aspect ratio of two. 

When the logic block amy is rectangular, the channels in one direction are longer and have 

more blocks connected to thern than the orthogonal channel, so the best amount of directional bias 

may change. Figure 5.7 is a plot of the required tracks per tile (averaged over the 26 circuits) ver- 

sus Rh for various logic block array aspect ratios with the full-perimeter logic block pin position- 

hg. There are two feanires of interest in Figure 5.7. First, notice that the minimum of the aspect 

Average 
Trac k 

Segments 
per Tile 

Aspect ratio = Y 
Aspectratil - / 

, :- / .i-. Aspect ratio = 3 

Horizontal Channel Capacity 1 Vertical Channel Capacity ( R h )  

Figure 5.7: Area-efficiency of rectangular FPGAs with full-perimeter pins. 
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Figure 5.8: Area-efficiency vs. array aspect ratio for FPGAs with full-perimeter pins. 

ratio = 1 curve is the lowest of the three, indicating that a square Iogic block array is the most 

area-efficient. Secondly, the value of Rh at which the minimum area occurs increases as the 

aspect ratio increases. As the aspect ratio increases, the horizontal channels become longer than 

the vertical channels and this results in greater demand for horizontal track segments. The best 

value of Rh increases from 1 for a square logic block array to 1.33 and 1.59 for aspect ratios of 2 

and 3, respectively. 

The solid curve in Figure 5.8 shows how area-efficiency varies with logic block array aspect 

ratio when we set Rh to the best value for each aspect ratio. The dotted curve in Figure 5.8 keeps 

Rh fixed at 1, which is the best value for a square logic block array. The routing resource require- 

ments increase moderately with aspect ratio; an FPGA with a logic block array aspect ratio of 3 

requires 18% more tracks per tile than an FPGA with a square logic block array when Rh is 1. 

When the most appropnate value of Rh is used for each aspect ratio, however, an FPGA with an 

aspect ratio of 3 requires onIy 4% more track segments than an FPGA with a square Iogic block 

array. Thus we conclude that, as long as the horizontal and vertical channel widths are appropri- 

ately balanced, the logic block array aspect ratio can be increased with little impact on the core 

area. 

The variation of routing area with logic block array aspect ratio is sirnilar for FPGAs that 

use the tophottom logic block pin positioning. In this case an FPGA with a logic block anay 

aspect ratio of 3 requires only 5% more tracks per tile than an FPGA with a square logic block 
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array. For FPGAs of this type, however, the increase in the best value of Rh as aspect ratio 

increases is less dramatic. The best square-array FPGA with tophottom pins has horizontal chan- 

nels which are twice as wide as vertical channels; the thicker horizontal channels are better able to 

cope with the increased pressure for horizontal tracks as aspect ratio increases. 

5.4 Experimental Results: Non-Uniform Routing 
The second key issue we explore concems the area-efficiency obtained when the channels 

in different regions of an FPGA have different capacities. We only investigate FPGAs which use 

the full-perimeter pin positioning, as Section 5.3 showed that this pin positioning is best. 

We define a non-uniform routing architecture to be one in which the number of tracks per 

channel changes from channel to channel across an FPGA. For example, Figure 5.1 (b) illustrates 

a non-uniform FPGA in which the channels near the chip center are wider than those near the 

periphery. If congested regions of a circuit can be localized and placed in the portions of the 

FPGA with the widest channels, a non-uniform FPGA could have better area efficiency than a 

uniform FPGA. We will investigate three types of non-uniforrn FPGAs in which we vary the cen- 

ter/edge channel capacity ratio, the capacity of only the center channel, and the I/0 channel 

capaci ty, respec tively. 

5.4.1 CentedEdge Capacity Ratio 
Many in the FPGA community believe that most congestion occurs in the center of FPGAs, 

and hence expect having wider channels near the FPGA center and narrower channels near the 

edges to improve area-efficiency. To keep the layout problem tractable, we restrict ourselves to 

FPGAs which use channels of only two different widths. We can describe global routing architec- 

tures of this form with two parameters. Let Rw be the ratio of the widths of the channels near the 

center of the FPGA to the widths of the channels near the FPGA edges, i.e. WCent,, / Wed, Let 

Rc be the ratio of the number of channels with width WC,,,, to the total number of channels. For 

example, the FPGA of Figure 5.1(b) has Rw = 2 and Rc = 0.5. 

Using the flow of Section 5.2, we again implemented 26 benchmark circuits in different 

architectures to determine their area-efficiency. We examined FPGAs with Rw equal to 0.75, 

1.18, 1.33, and 2, and with Rc values varying from O to 1. The relative density of FPGAs with R, 

= 1.33 and R, = 2 is summarized in Figure 5.9, which plots the average number of tracks per tile 
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Figure 5.9: Area-efficiency vs. non-uniform routing architecture. 

required by the 26 benchmarks in each architecture. Note that the points at which R, equals O or 

1 correspond to a unifonn FPGA, in which al1 channels have the same capacity. The area required 

by each of the seven largest benchmarks in several representative architectures is listed in Table 

5.2; again the results for individual circuits generally match the overall average, although there is 

some circuit-dependent behaviour. Note that the number of tracks per tile required for routing 

individual circuits in a non-uniform architecture is generally not an integer. Since some portions 

of the FPGA have wider channels than others, the number of tracks per tile is an average over the 

various tiles such an FPGA rnust contain. 

Table 5.2: Global routing tracks / tile for the largest benchmarks vs. non-unifom architecture. 
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area-efficiency. The worst area-efficiency with Rw = 2 occurs when Rc is 0.5, meaning that half 

the FPGA channels are twice as wide as the other half. In fact, only two non-uniform FPGAs 

show even marginal area-efficiency improvements over the uniform case and both these FPGAs 

are very close to a uniform architecture. In one, the 10% of channels nearest the center are 3 3 8  

wider than the other channels, while in the other the 90% of channels closest to the center are 33% 

wider than the channels nearest the edges. The reduction in tracks per tile over a uniform FPGA 

is less than 1% for both of these FPGAs; this marginal improvernent is certainly not enough to 

justify the extra layout effort required in the physical design of such an FPGA. 

These results are significant because many FPGA architects believe that there should be 

considerable benefit to these kinds of non-uniform architectures. The fundamental reason they do 

not show any benefit is that there is not much more congestion in the center of an FPGA than 

there is near its edges. In order to determine the "natural" routing demand distribution of circuits, 

we placed and routed the 26 benchmark circuits with al1 congestion avoidance features disabled, 

so that placement minirnized wirelength and the router connected each net by the shortest path. 

Figure 5.10 plots the maximum and average number of tracks required by the horizontal channels 

as a function of the channel position within the FPGA, averaged over the 26 benchmark circuits. 

Demand for routing tracks is relatively constant over the middle 90% of the FPGA, and there is 

only a moderate decrease as one gets very close to the chip edges. Figure 5.1 1 plots the average 

and maximum tracks required by each horizontal channel versus the channel position for three 

representative benchmark circuits. There is some high-frequency variation frorn channel to chan- 

nel, since the router is, in this case, not making any effort to route nets around congestion. Never- 

Benchmark J 

Bottom Edge Center Top Edge 
Channel Position within FPGA 

Figure 5.10: Average over benchmarks of track demand vs. position for horizontal channels. 
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Figure 5.11: (a) Average and (b) maximum track demand vs. channel position for three circuits. 

theless, it is clear that these circuits closely mirror the behavior of the overall averages of Figure 

5.10. 

An additional reason for the poor area-efficiency of FPGAs with extra routing near their 

center is that typical circuits contain numerous local congestion "hotspots" (small regions where 

al1 the channels are full) and some of these hotspots occur quite close to the FPGA edge. Conse- 

quently, in order for an FPGA with thicker channels near iis center to use fewer routing resources, 

the placement software must move al1 of these hotspots into the FPGA center. As discussed in 

Section 3.2.3, we spent considerable tirne investigating placement cost func tions that modelled 

congestion well. Of the cost functions we examined, the non-linear congestion cost function (see 

Section 2.2.2) performs the most detailed congestion modelling, at the cost of a very high CPU 

time requirement. When compared to the linear congestion cost function that we used to generate 

the results of this chapter, the non-linear congestion cost function improved the performance of a 

uniform FPGA slightly more than it improved the performance of the non-uniform FPGAs tested. 

We believe it is therefore more effective for CAD tools to attempt to spread out congestion as 

much as possible, rather than to try to localize it to a designated portion of a chip. 

Engineers with MPGA or standard ce11 design experience may find it surprising that having 

wider channels near the center of an FPGA doesn't improve area-efficiency. Since standard ce11 

and sea-of-gates Mask-Programrned Gate Amy (MPGA) designs often have some channels 

wider than others, one might expect that FPGA-based designs would also benefit frorn a mix of 

wide and narrow channels. There is a key difference between FPGAs and standard cells or 
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MPGAs, however -- in FPGAs the width of the various channels is deterrnined by the FPGA 

xchitecture, not the circuit being implemented. If one builds an FPGA with some channels wider 

than others, al1 circuits are forced to route most of their connections through the predefined wide 

channels, whether it is efficient for a particular circuit to do so or not. In a standard ce11 or sea-of- 

gates MPGA design, on the other hand, a channel is made extra wide or extra narrow only if the 

circuit being implemented naturally demands it. 

5.4.2 Single Center Channel 
In an effort to improve routability, Lucent Technologies, has introduced an FPGA in which 

the cenier channel in each direction is extra-wide [137]. We define R, to be the ratio of the width 

of these center channels to the width of the other channels. Figure 5.12 depicts an FPGA with this 

extra routing in its center. 

The solid and dashed lines in Figure 5.13 show how area-efficiency varies with R, for this 

type of FPGA when a linear congestion cost function and when a bounding box cost function are 

used during placement, respectively. The data show that the most area-efficient FPGA is one 

without an extra wide channels in the middle -- Le. R, = 1 .  There is a sharp dip in the number of 

trackshile required at R, = 2 when the linear congestion cost function is used, indicating an 

FPGA with area-efficiency almost as good as one with R, = 1. This dip occurs at the first point at 

which the linear congestion cost function considers the cost of routing through narrow channels to 

connect two adjacent blocks to have the same cost as connecting two blocks separated by one 

intervening block through the extra wide channel. Consequently, the placer is able to make better 

use of the extra-wide channel at this point. The bounding box cost function leads to worse area- 

efficiency than the linear congestion cost function and the dip in required area near R, = 2 does 

center 

Figure 5.12: An FPGA with an extra-wide center channel. 
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Figure 5.13: Effectiveness of an extra-wide center channel. 

not occur. As with the non-uniform FPGAs of Figure 5.9 then, the best results are obtained by 

spreading extra routing resources over the entire FPGA rather than by adding them to only one 

region. 

Aside from trying to create a more area-e.ficient FPGA, there is an altemate reason for 

making the center channel of an FPGA wider. FPGA manufacturers tend to create sevenl FPGAs 

with the same basic architecture but with different numbers of logic blocks in order to appeal to 

customers with different capacity needs. As the number of logic blocks in a circuit increases, the 

demand for routing also increases [140], so at some point the channels should be widened. How- 

ever, widening the channels for FPGAs with more logic blocks requires redoing the layout of the 

basic tile, which involves considerable time and expense. Since the center of an FPGA typically 

contains the programming logic, this area already requires its own custom layout, so extra routing 

tracks c m  be added to it with relatively little effort. 

We found, however, that in most cases adding tracks to the center channel did not result in 

any significant reduction in routing pressure on the other channels. The only exceptions were 

FPGAs with R, near two. When circuits were mapped into such FPGAs by a placer using the Iin- 

ear congestion cost function the routing pressure on the other channels was reduced. It is rela- 

tively difficult to improve the routability of an FPGA simply by adding tracks to the center 

channel because the placement tool must now move al1 portions of the circuit that require more 

routing than the "normal" channels cm provide close to the center channel so that they can make 

use of the extra routing available there. 
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O Y0 pad 

Figure 5.14: An FPGA with RIO = 0.5. 

5.4.3 UO Channel 
Xilinx has added extra routing resources to the "VO-channel" that runs between the I/0 

pads and the logic blocks, at least in part to ensure that fixed or "locked" VO pad placement does 

not impact routability and speed [IO]. We define RIO to be the ratio of the width of this outermost 

channel to the width of the other channels. For example, Figure 5.14 depicts an FPGA with RIO 

equal to 0.5. In the experiments of this section. al1 the channels running between logic blocks 

have the same width, WLogic, so RIO completely describes the global routing architecture. 

Figure 5.15 is a plot of the average track segments per tile required for the 26 benchmark 

circuits versus RIO. The solid line in Figure 5.15 shows the trend when the VO locations are cho- 

sen by the placement tool, while the dashed line is found when the VO pads are "fixed in a ran- 

dom location, to mode1 the effect of poor (from the FPGA's point of view) pin constraints. 

There are several features of interest in Figure 5.15. First notice that fixing the U 0  locations 

Average 

14.5 
Segments 
per Tile 

14 

13.5 

0.5 1 1.5 2 
IO Channel Width / Width of Other Channels (Rio) 

Figure 5.15: Routability vs. I/0 channel width. 
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increases the number of routing tracks required by 12% on average. Architects m u t  take this into 

account when designing FPGAs. Secondly, the curve where the VO locations are chosen by the 

placement tool has its minimum value when RIO = 1, again showing that it is best to spread rout- 

ing resources evenly across the chip. Fixing the VO pins shifts the minimum in the tracks per tile 

curve slightly so that it now occurs when RIO = 1.25. While fi~ing the VO pins leads to a signifi- 

cant increase in the number of routing tracks required, this increase is, for the most part, spread 

over the FPGA and not confined to the channels connecting to the Il0 pads. Consequently, one 

should not make very wide channels adjoining the pads in order to improve routability with pin 

constraints, although a small increase in the UO channel capacity is a net benefit. 

In interpreting the best values of RIO we found, one should remember thai in the FPGAs we 

consider the number of pins connecting to an Y 0  channel is roughly the same as the number of 

pins connecting to a logic channel. In architectures with different ratios of I/0 pad to 4-LUT area, 

the best RIO values will change as the ratio of the number of pins bordering a logic channel to the 

number bordering an UO channel changes. 

In order to determine how the "natural" demand for tracks is altered when the VO locations 

of a circuit are fixed in a poor configuration, we repeated the congestion-oblivious placement and 

routing experiments described in Section 5.4.1 with the UO locations fixed in a random configura- 

tion. Figure 5.16 plots the maximum and average number of tracks required by the horizontal 

channels as a function of the channel position within the FPGA, averaged over the 26 benchmark 

circuits. Comparing with the corresponding curve obtained with movable YOs (Figure 5. IO), one 

l 0  k Maximum Along Channel Length 

Average Along Channel Length 
per Channel 

(Averaged over 
26 Benchmarks) 

Bottom Edge Center Top Edge 
Channel Position within FPGA 

Figure 5.16: Average over benchmarks of horizontal track demand when VOS :se fixed. 
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Figure 5.17: (a) Average and (b) maximum track demand vs. position when VOS are fixed. 

sees that the curves have shifted up by approximately half a track, and that the drop off in track 

demand near the chip edges is less pronounced. Figure 5.17 shows how the "natural" track 

demand of three typical circuits Vary with channel position. By comparing with Figure 5.1 1 ,  one 

sees that the curve for ah4  has changed little, while the sbc and C6388 curves have each shifted 

up by approximately a track and show significantly more demand for routing tracks near the chip 

edges than they did when the YOs were movable. This is due to the different U 0  to logic ratios of 

these three circuits. Alu4 has very few VOS; it uses only 7% of the VO pads available in the 

FPGA to which it is mapped. C6388 and sbc, on the other hand, have considerably more VO, and 

use 35% and 6 1 % of the I/0 locations available to them, respectively. As one would expect, then, 

fixing y0 locations has little effect on circuits with few VOS. On the other hand, circuits with 

larger Y0 requirements show an increase in routing track demand across the entire FPGA, with 

the greatest increase near the chip edges. 

5.5 Summary 
The most interesting (and unexpected) result in this chapter is that the most area-efficient 

global routing structure is one with completely uniform channel capacities across the entire chip 

and in both horizontal and vertical directions. The basic reason is that most circuits "naturally" 

tend to have routing demands which are evenly spread across an FPGA. The only (slight) excep- 

tion we found to this "uniform is better" rule occurred when the VO locations of circuits were 
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fixed by board-level constraints. In this case making the UO channel 25% wider than the other 

channels was a net benefit. 

Of almost equal note, the area-efficiency is decreased only slightly by some non-uniform c>r 

directiona!!y-biased architectures, provided the pin placement on the logic blocks is well-matched 

to the channel capacity distribution. Hence if such architectures ûre desirable for other reasons 

the impact on core area doesn't preclude their use. 

More specifically, of the FPGA architectures studied, a full-perimeter pin position FPGA 

with no directional routing bias and uniform channel widths is most area-efficient. Employing a 

logic block with the tophottom pin position requires approximately 8% more routing resources 

than full-perimeter FPGAs, and the most area-efficient tophottom FPGA has twice as many hori- 

zontal routing tracks as vertical ones. We also found that one can construct FPGAs with rectangu- 

lar logic block arrays which art: only slightly less dense than square arrays provided one adjusts 

the degree of directional bias in the routing resources to best match the array aspect ratio. 

Our experimental results in this chapter were gathered using VPR's linear congestion cost 

function during placement because we felt the non-linear congestion cost function was too slow to 

be commercially viable. However, it is interesting to note that while the non-linear congestion 

cost function slightly improved the routability of circuits for al1 FPGA architectures, it improved 

routability the most for uniform routing architectures. Apparently it is easier for advanced CAD 

tools to spread out congested regions than it is to localize them to designated portions of a chip 

that have extra routing resources. Consequently, we expect that future advances in CAD tools will 

tend to slightly increase the advantages of uniform routing architectures over their non-uniform 

counterparts. 
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Chapter 6 

Cluster-Based Logic Blocks 

In this chapter we investigate the area-efficiency of FPGAs which use logic clusters as their 

logic block. A logic cIuster is composed of several look-up tables and registers interconnected by 

local routing, as described in Section 3.1.1. In the next section we motivate our research by 

descnbing some of the advantages of cluster-based logic blocks, and by showing that these logic 

blocks are commercially relevant. Section 6.2 describes the experîmental Row we use to evaluate 

different logic clusters. Sections 6.3 through 6.5 then explore three key architectural questions 

concerning these logic blocks: how many inputs (0 should the FPGA routing provide to each 

logic cluster; how should the FPGA inter-cluster routing architecture change as a function of logic 

cluster size (N); and how is FPGA area-efficiency affected by the size of the logic cluster used? 

6.1 Motivation 
As described in Section 2.1.2, most SRAM-based FPGAs use logic blocks based on look-up 

tables (LUTs). A look-up table with more inputs can implement more logic, and hence one needs 

fewer logic blocks to implement a circuit. This saves routing area, as there are fewer connections 

to route between logic blocks. However, look-up table complexity grows exponentially with the 

number of inputs, so it is impractical to use a LUT with a large number of inputs as a logic block. 

Instead of creating a larger logic block by increasing the number of inputs to a LUT, we can 

simply group several LUTs together and provide local routing to interconnect them. We cal1 the 

resulting logic block a logic cluster [8, 91; the exact structure of a logic cluster was descnbed in 

Section 3.1.1. Figure 6.1 shows a circuit implemented in an FPGA in which each logic cluster 

contains two four-input look-up tables. Notice that many connections can be made via the local 
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Local routing 

Figure 6.1: Implementation of a circuit in an FPGA with a cluster size of 2. 

interconnect within a cluster. As this local interconnect can be made faster than the general-pur- 

pose routing between logic blocks, cluster-based logic blocks c m  improve FPGA speeds. As 

well, an FPGA in which every logic block contains several LUTs will need fewer logic blocks to 

implement a circuit than an FPGA in which each logic block is a single LUT. This reduces the 

size of the placement and routing problem considerably. Since placement and routing is usually 

the most time-consuming step in mapping a design to an EPGA, cluster-based logic blocks can 

significantly reduce design compile tirne. As FPGAs grow larger, it is important to keep this com- 

pile time from growing too large or one of the key advantages of FPGAs, rapid prototyping and 

design spins, will be lost [ 1221. 

The area impact of grouping multiple LUTs into a logic cluster is more complex, and is the 

focus of this chapter. On the one hand, grouping related LUTs together into a single logic block 

reduces the number of connections to be routed between logic blocks, which saves routing area. 

Since the general-purpose interconnect consumes most of the die area in SRAM-based FPGAs, 

this is a significant area savings. On the other hand, in the logic clusters we study the area 

required by the local routing within a cluster grows quadratically with cluster size. For suffi- 
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cienily large clusters, then, the area used by this local interconnect will exceed the area saved in 

the general in terconnect. 

We explore three questions conceming the design of cluster-bzed logic blocks. First, how 

many distinct inputs should the FPGA routing provide to a cluster of LUTs? Redücing the num- 

ber of inputs to a logic block saves routing area, but if the number of inputs is too low many cir- 

cuits will be unable to use al1 the LUTs in a logic cluster, wasting area. Secondly, how should the 

Rexibility of the logic block / routing interface (Le. Fc [ I I )  change as the number of LUTs in a 

logic cluster changes? Finally, how many LUTs should be included in a cluster to create the most 

area-efficient logic block? Recent FPGAs from Xilinx, Altera, Lucent Technologies, Actel and 

Vantis have al1 grouped several LUTs together into a Iarger logic block, but there has been Iittle 

published work investigating any of these three questions. 

Recall from Section 3.1.1 that we can descnbe a logic cluster with four parameters: the 

number of logic inputs (1), the number of BLEs (LUTs and registers) in a cluster (M, the number 

of clock inputs (Melk), and the number of inputs to each LUT (0. In this chapter we fix the num- 

ber of clocks per cluster at one for al1 our experiments, since the MCNC benchmark circuits we 

use to evaluate architectures al1 have only one clock. We set the number of inputs to each LUT, K, 

to 4, since previous research has shown LUTs of this size are the most area-efficient [2 11, and 

because this is the LUT size used in most commercial FPGAs. We wili investigate logic clusters 

with different values of I and N, however, as answering the three questions posed above involves 

finding the most appropriate values of I and N. 

6.2 Experimental Methodology 
Our goal is to determine the cluster parameters that lead to the most area-efficient FPGA 

architecture. There are no detailed analytic models of FPGA architectures and circuitry, so we 

mus t evaluate architectures experimentall y. 

We implement a set of twenty benchmark circuits into each FPGA architecture of interest, 

and measure how much area the circuits require in each architecture. We implement each circuit 

using an automatic CAD flow sirnilar to that used by typical FPGA users: technology-mapping, 

placement and routing. The benchmark circuits used are 20 large MCNC circuits [132]; they 

range in size from 500 to 3690 BLEs. These circuit sizes are typical of the designs being imple- 

mented in current commercial FPGAs. 
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6.2.1 FPGA Architecture Assumptions 
The area-efficiency of a logic block depends not only on the number of transistors required 

to implement the logic block itself, but also on the number of transistors required to route al1 the 

connections 'uetween blocks. Consequently, we mrist choose an FPGA routing architecture, as 

well as a logic block architecture, in order to determine the area-efficiency of an FPGA. Al1 the 

experiments in this chapter assume an island-style FPGA, which was described in Section 2.1.3. 

Both Xilinx and Lucent Technologies FPGAs employ this type of architecture. 

Recall that an island-style FPGA consists of an array of logic blocks surrounded by chan- 

nels of wire segments, as shown in Figure 6.2. The input and output pins of each logic block are 

distributed around its perimeter, and programmable switches are used to connect these pins to 

wire segments in the adjacent routing channels. At every intersection of routing channels, there is 

a switch block [Il -- a set of programmable switches that allows wiring segments to be connected 

together in order to f om longer connections. 

To be as realistic as possible, we set the number of other wiring segments to which each 

wire segment c m  be connected at a switch block, Fs [Il, to 3, as this is the value used in most 

commercial FPGAs. At each swi tch block the programmable switches connecting wire segments 

together are arranged in the Wilton switch block topology [29], as we have found this topology 

leads to the highest FPGA routability. Al1 wiring segments spaii only one logic block (i.e. are of 

length one), and al1 the routing switches are assumed to be pass transistors. Commercial FPGAs 

contain some wire segments that are longer than this, and most commercial FPGAs now contain 
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Figure 6.2: An island-style FPGA. 
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some buffers as well as pass transistors, so this routing architecture is simpler than that of a com- 

mercial FPGA. Nonetheless this simplified routing architecture should still provide a reasonably 

accurate estimate of the routing area required by the different logic clusters. ' 
There are two other important architectural parameters to which we will refer in the foliow- 

ing sections. Recall that W is the number of wiring segments in each routing channel, Le. the 

channel capacity, and that Fc is the number of wiring segments to which a logic block input or 

output pin can connect in an adjacent channel. In Figure 6.2, for example, W is four and F, is 

two* 

6.2.2 CAD Flow 
Figure 6.3 illustrates the CAD flow used in these experiments. First, the SIS [138] synthesis 

package is used to perform technology-independent logic optimization of each circuit. Next, each 

circuit is technology-mapped into 4-LUTs and flip flops by FlowMap and the Flowpack post-pro- 

cessing algorithm is used to optimize the mapping [42]. Our VPack program (described in Sec- 

Circuit + 
Logic optimization (SIS) 

CIuster 
Parrime ters 

(Nt 0 

Routing 

Placement (VPR) -7 
Routing (VPR, routability-driven router) 1 

Adjust channel 
capacities (W) 

"Build FPGA with W = 1.2 Wd, and 
record area (TransCount) 

Figure 6.3: Architecture evaluation flow. 

tracks? v 
i ~ e s  + W,, determined 

At the tirne this study was perfomed we had not yet completed the segrnented and buffered routing fea- 
tures of VPR, so we could not use a more cornpIex routing architecture. Work extending the results of 
this chapter has re-run many of our experiments with the Iatest version of VPR using a routing architec- 
ture that contains longer wires and some buffers 11301. The area results are very similar to those given 
here, providing a validation of the use of this sirnplified architecture. 
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tion 3.1.2) then maps this netlist of 4-LUTs and flip flops into logic clusters with the specified 

values of N and I .  At this point, then, the circuit is described as a set of interconnected logic 

blocks of the exact type that exist in the FPGA we're targeting. Finally, we use VPR to place and 

completely (combined global and detailed) route the circuit. In this chapter al1 routing was per- 

formed by the VPR routability-driven router described in Section 4.3. 

As Figure 6.3 shows, the circuit is repeatedly routed with different channel capacities until 

VPR finds the minimum number of wire segments per channel required to successfully route the 

circuit, which we cal1 Wmin. We then pass this value of Wmi,, dong with the other architectural 

parameters (N, 1, Fc, etc.) to a program, TransCount, that builds a transistor level implementation 

of the FPGA, and evaluates its area according to the mode1 described in the next section. The 

FPGA we build to evaluate the area required by a given circuit has a channel width, W, of 

1 2 W i n  In other words, it has 20% more tracks than the minimum required to route this circuit. 

This extra routing models the fact that FPGA manufacturers usually add enough routing to their 

FPGAs so that the "average" circuit results in a low-stress routing. 

6.2.3 Area Mode1 
Our area mode1 is based on counting the number of minimum-widrh transistor areas 

required to implement each FPGA architecture. A minimum-width transistor area is simpl y the 

layout area occupied by the smallest transistor that can be contacted in a process, plus the rnini- 

mum spacing to another transistor above it and to its right, as shown in Figure 6.4. Since the area 

of typical commercial FPGAs is dominated by transistor area,' the most accurate way to assess 

the area of an FPGA architecture, short of actualiy laying out each FPGA architecture studied, is 

to estimate the total transistor area required by its layout. By counting the number of minimum- 

width transistor areas required to implement an FPGA, nther than the number of square microns 

which these transistors would occupy, we obtain a process-independent estimate of the FPGA 

area. 

Some transistors in FPGAs require a drive strength greater than that of a minimum-width 

transistor. These transistors must either be made wider than minimum-width or their drive 

strength must be increased via paraIlel diffusion regions, as Figure 6.5 shows. The transistor 

active area increases in either case, but notice that if the parallel diffusions technique of Figure 

1. We have discussed this issue with FPGA architects at both Xilinx and Altera, and they have confinned 
that transistor area determines the die size of their current FPGAs. 
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Figure 6.4: Definition of a minimum-width transistor area. 

6.5(a) is used, the transistor active area increases by less than a factor of two. As well, the spacing 

to the next transistor does not increase when a transistor's drive strength is increased, so the active 

area plus spacing area of a transistor with twice the minimum drive strength is less than two min- 

imum-width transistor areas. We examined the layout rules from a TSMC 0.35 Fm process and 

from an LSI Logic 0.4 prn process, and determined how much extra area was required to give 

transistors greater drive strength, either by making them wider or by paralleling diffusions. In 

both the LSI and TSMC processes, the number of minimum-width transistor areas required by a 

transistor, trans, (averaged over the different layout options) is: 

DriveStrength( trans) 
Minimum width transistor areas(trans) = 0.5 + . (6.1) 

2 -'DriveStrength(Minimurn Width) 

Polysilicon (gate) 

Diffusion 

E 
Contact 

(a) Parallei diffusions 

Figure 6.5: Methods to create a structure 
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contacted 
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(b) Widen the transistor 

: with 2x the minimum-width transistor dive strength. 
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A transistor with the minimum drive strength therefore takes 1 minimum-width transistor area, 

while a transistor with double the minimum drive strength requires 1.5 minimum-width transistor 

areas. 

In order to apply (6.1 ) to determine an FPGA's area, we must determine the number and size 

of the transistors required to build every structure in the FPGA. Appendix B. 1 providzs schemat- 

ics showing how we build many of the key structures in an FPGA. In general, we tried to build an 

FPGA with as few transistors as possible without unduly compromising speed. We created a pro- 

gram, TrurzsCount, that determines the area of a cluster-based logic block and its associated rout- 

ing with any values of N, 1, K, Mclk9 W. Fc, and Fs- This program is fairly sophisticated, and 

models such effects as buffer resizing as a function of the fanout of the connections within a logic 

block, and builds multi-stage buffers when high drive strengths are required. Recall that to evalu- 

ate the area of the FPGA needed to route a given circuit we build an FPGA with a channel width, 

W. of 1 .2Wmi,. 

One issue in this area model deserves further mention: the choice of the drive strength 

(size) of the pass transistors in the general-purpose FPGA routing. Routing wire segments span 

an entire logic block between switch blocks, so their metal capacitance is normally much larger 

than the parasitic capacitance of the routing transistors, if these routing transistors are of mini- 

mum width. Significant speed improvements can therefore be gained by increasing the size of the 

routing pass transistors to better match this metal capacitance. If the switches are made large 

enough, the parasitic capacitance added by these switches will be larger than the metal capaci- 

tance of a wire segment. Increasing the size of routing transistors past a certain point therefore 

yields diminishing speed gains, as the parasitic capacitance increases at the same rate as the tran- 

sistor drive strength. See Appendix C for details on how we choose routing transistor sizes. 

In this chapter the important point is that since the length of a routing wire segment span- 

ning a logic block increases as the size of an FPGA tile (logic block plus its associated routing) 

increases, larger logic clusters require larger routing transistors to achieve good speed. This 

important effect has often been neglected in prior FPGA logic block research. We account for this 

effect in Our area model, and in Section 6.5 we present area-efficiency results for several different 

routing transistor size assumptions. 

Finally, to allow averaging of results from circuits of different sizes, we use a nomalized 

area metric: number of minimum-width transistor areas required per ULE in a circuit. 
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6.3 Experimental Results: Cluster Inputs Required vs. 
Cluster Size 

As discussed in Section 6.1, the first question we wish to answer 1s how many distinct 

inputs, I, should be provided to a cluster of size N. Since the nrimber of transistors required to 

implement each of the multiplexers in the cluster local routing (see Figure 3.1 (b)) grows linearly 

with I (for large I),  we would like to make I as small as possible. On the other hand, if I is made 

too small, many of the BLEs in a logic cluster may become essentiaily unusable, reducing logic 

utilization and wasting area. We find the minimum value of 1 that allows good cluster utilization 

by running benchmark circuits through the first two steps shown in Figure 6.3, technology-map- 

ping and cluster packing, and rneasuring the resulting logic utilization for different values of I. 

We define logic utilization to be the average number of BLEs per cluster that a circuit is able to 

use divided by the total number of BLEs per cluster, N. 

Figure 6.6 shows how the average logic utilization of our 20 benchmarks varies with I for 

three different logic cluster sizes. The horizontal axis is the number of distinct inputs to the clus- 

ter relative to the total number of BLE inputs in a cluster, i.e. II(4N). For very low values of 1, the 

logic utilization is very low, as one would expect. It is interesting, however, that when I is only 50 

to 60% of the total number of BLE inputs, the logic utilization is essentially 100%. Clearly it  is 

possible to pack BLEs together so that they have rnany common inputs and can reuse locally gen- 

erated outputs. The relative amount of input sharing and output reuse increases slightly with logic 

cluster size, causing the curves in Figure 6.6 to shift to the left as cluster size increases. 
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Figure 6.6: Logic utilization vs. number of logic cluster inputs. 
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Figure 6.7: Variation in inputs required and inputs used with cluster size. 

The solid line in Figure 6.7 shows the value of I required to achieve 98% logic utilization as 

the cluster size, N, is varied, while the dashed line shows how the average number of logic cluster 

inputs that are actually used varies with cluster size. Although there are 4N BLE inputs in a logic 

cluster of size N, the number of inputs required to achieve 98% logic utilization is only about 2N 

+ 2. Furthemore, the average nurnber of logic cluster inputs that are actually used grows even 

more slowly. On average, a cluster of size 1 uses 3.5 of its inputs, while an cluster of size 16 uses 

only 19.7 of its inputs. In other words, while the logic per cluster has increased by a factor of 16, 

the average number of connections that must be routed to each cluster has increased by a factor of 

only 5.6. 

Our results indicate that commercial FPGAs cm be more aggressive in reducing the value 

of I. For example, the Altera Flex 8K FPGAs use logic clusters with N = 8 and I = 24, while Our 

results indicate that ï = 18 suffices for a cluster of this size. Similarly, the Xilinx 5200 FPGA uses 

a logic cluster with N = 4, and makes al1 16 LUT inputs accessible, while Our results suggest 10 

inputs are sufficient. Reducing I in this manner simplifies the cluster input multiplexers and 

reduces the number of logic block pins that must be connected to the FPGA routing, resulting in 

considerable area savings. 

6.4 Experimental Results: Routing Flexibility vs. 
Cluster Size 

Before we c m  apply the experimental Row of Section 6.2 to see how area-efficiency varies 
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with cluster size, we must choose F,, the number of routing tracks to which each logic block pin 

can connect. On the one hand, using a smaller value of Fc reduces the number of programmable 

switches in the FPGA routing, which improves area-efficiency. On the other hand, smaller values 

of Fc make an FPGA Iess routable so that larzer channel capacities, W, will be required to suc- 

cessfully route circuits. This reduces area-efficiency hy increasing the routing area. The goal is to 

choose a value of Fc that balances these two competing objectives and achieves good area-effi- 

ciency. 

For a cluster of size 1, our experiments and those of Rose and Brown [26] have shown that a 

good value of Fc is W; i.e. each logic block pin can be connected to any routing track in an adja- 

cent channel. For larger clusters, however, setting Fc to W provides far more routing flexibility 

than is required, wasting area. 

Recall from Section 3.1.1 that the logic clusters we investigate are fully-connected. In other 

words, a BLE input can be connected to any cluster input or to the output of any of the BLEs 

within the cluster via the local routing. In a fully-connected logic cluster al1 the cluster inputs and 

ail the cluster outputs are logically-equivalent. That is, al1 of the inputs are functionally identical, 

and al1 of the outputs are functionally identical. This means that a net which is an input to a clus- 

ter can be connected to any of the I cluster inputs, and a net which is driven by a cluster output can 

be connected to any of the N cluster outputs. Changing the connections made by the multiplexer- 

based local routing can compensate for any pin swapping performed on the cluster input pins by 

the router, and changing which BLE within the cluster genentes each of the functions required by 

the netlist can compensate for any pin swapping perfomed by the router on the cluster output 

pins. Therefore the router has a great deal of flexibility in how it routes inter-cluster nets. 

The logical equivalence of cluster inputs and of cluster outputs rneans that keeping Fc fixed 

at W, regardless of the cluster size, N, results in an excessive number of ways to connect to large 

logic clusters. For example, a cluster of size one has 4 inputs and one output. If Fc = W, then, 

there are 4W ways to connect to a cluster input and W ways to connect to the cluster output. A 

cluster of size 16, on the other hand, has 32 inputs and 16 outputs, so there are 32W ways to con- 

nect to a cluster input and 16W ways to connect to a cluster output if Fc = W. This excessive rout- 

ing fiexibility for a cluster of size 16 wastes a large arnount of routing area, since we have added 

many more programmable switches to the routing than is necessary. 

We have experimentally found that a more appropriate level of routing flexibility results 
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when F, is set to W/N, and al1 the experiments in the next section use this value. This choice of F, 

means that each of the W routing tracks can be dnven by one output pin on each logic block, 

ensuring that al1 the routing cracks in a channel can be readily used to interconneci blocks. 

6.5 Experimental Results: Area-Efficiency vs. Cluster 
Size 

We are now in a position to examine which cluster size leads to the most area-efficient 

FPGA. Throughout this section, the number of inputs, 1, to a cluster of size N is chosen to be the 

minimum value that allows VPack to achieve 98% logic utilization. This value of I allows Our 

logic clusters to be essentially fully utilized, while minimizing the complexity of the cluster input 

multiplexers and the number of logic block pins to be connected to the main FPGA routing. We 

ran 20 benchmark circuits through the experimental flow described in Section 6.2, and determined 

the area-efficiency of FPGAs with different cluster sizes under several different assumptions of 

routing transistor size. 

Figure 6.8 shows how area-efficiency varies with ciuster size when we assume that the drive 

strength of the routing transistors grows with the square-root of the cluster size, N. Since a cluster 

of N BLEs contains N times the logic of a single BLE, it is reasonable to assume the basic FPGA 

tile will consume approxirnately N times more area. Hence the length of a routing wire spanning 

this logic block will be f i  times longer, and the routing transistors driving it will require f i  
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Figure 6.8: Area-efficiency venus cluster size (routing transistor drive strength = JN ). 
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more drive strength to maintain the same routing speed. The three curves in Figure 6.8 al1 make 

the routing transistor size proportional to f i .  and differ only in the absolute routing transistor 

size used. The bottommost curve in Figure 6.8 conesponds to the FPGAs with the lowest speed, 

but the highest density, while the upperrnost curve has the highest speed, but the lowest density. 

From Our charactenzations of the TSMC 0.35 ym process, we have found that the uppermost 

curve leads to the best FPGA area-delay product, and hence it  is the most likely case to be imple- 

mented by an FPGA manufacturer. It is interesting to note that the shapes of the three curves are 

all very similar, however, so our results are not strongly affected by the absolute routing transistor 

size used. 

Notice that al1 clusters with sizes between 1 and 10 have area-efficiency within a 12% range 

when the routing transistors have a drive strength 4 f i  times the minimum; for the other two 

curves the area-efficiencies of clusters with sizes between 1 and 10 are even more simiIar. 

Clearly, with proper choices of I and Fc any cluster in this range, except perhaps a cluster of size 

2, provides reasonable area-efficiency. 

As one increases the cluster size from 1 to 2, area-efficiency worsens because a cluster of 

size 1 requires no local routing (it is a single BLE), whereas a cluster of size 2 does. The addition 

of this local routing io the FPGA requires a considerable number of transistors, and at a cluster 

size of 2 it has not yet reduced the number of connections to route between clusters enough to 

compensate. Further increases of cluster size, to N = 3 and 4, improve area-efficiency because the 

local routing is able to more significantly reduce the amount of routing required between logic 

blocks. As the cluster size nses past N = 10, area efficiency degrades. The complexity of the 

local routing in a logic cluster grows quadratically with cluster size, and for sufficiently large clus- 

ters this swarnps the area improvements gained by reducing the routing required between logic 

blocks. 

To ensure Our area-efficiency results are not sensitive to the exact routing transistor sizes we 

selected, we also computed the area-efficiency of the different logic clusters when the routing 

transistors were sized somewhat differently. In Figure 6.9, we show how area-efficiency varies 

with cluster size when the routing transistor drive strengths are proportional to f i  + 1 . As 

before, the f i  term models the effect of increasing routing wire segment length with increasing 

cluster size. The constant (1) term accounts for any need to size up the routing transistors to ade- 
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Figure 6.9: Area-efficiency versus cluster size (routing transistor drive strength = f i  + 1). 

- - DriveStrengrli = 4 ( f i  .t 1 ) - Minimum 

- ---- DrivcStrengd  = ?(fi+ I) .Mini tnutn 
. . . * .  . . DriveSrrengrli = (f i  + 1 ) . Minimum - /' A-' # y 

A &-# - I \ 
M -  . 

4 \ 

- \ 
/ . . \. , . m .  . 

4 :, +-------*- .a. ' , .m. . . . . . . b '  . . 
- ;. . . . a .  

. . - o . .  .*: . . e '  ' 
' . . . . . . . . 0 .  

quately dive a fixed load that is independent of the cluster size N. This fixed load would be pro- 

duced by the track isolation buffer between a routing wire and input pin connection boxes, and 

any wiring needed to connect from the routing wire segment to this buffer (see Figure 4.1 8 (b)). 

Again, the bottommost curve in Figure 6.9 represents FPGAs with the lowest speed but the high- 

est density, while the topmost curve represents FPGAs with higher speed but lower densiiy. From 

Our characterization of the TSMC 0.35 pm process, we found that the upper two curves led to the 

best area-delay product, so they are the cases most likely to be implemented by an FPGA manu- 

facturer. The key feature of Figure 6.9 is that ail three curves have a similar shape, and the curves 

are very similar to those of Figure 6.8. Again, any cluster size between 1 and 10, except a cluster 

of size 2, leads to reasonable area-efficiency -- the difference in area per BLE varies by no more 

than 5% for any of the three curves. As well, just as in Figure 6.8, a cluster of size 2 has worse 

area-efficiency than a cluster of size 1 or of size 3. 

We have presented six different curves of area-efficiency vs. cluster size in this section. We 

believe the topmost curve in Figure 6.8 uses the most realistic transistor sizing assurnption, so it is 

the most important curve. The other five curves simply show that Our conclusions are not 

extremely sensitive to the exact transistor sizing assumed. 
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6.6 Summary 
There are three main conclusions to be drawn from this work. First, the number of distinct 

inputs required Dy a logic cluster grows fairly slowly with cluster size, N. A cluster of size N 

requircs approximately 2N + 2 distinct inputs (Cor N 5 16). Second, because al1 the input and out- 

put pins of a cluster are logically equivalent, one can significantly reduce the number of routing 

tracks to which each logic cluster pin can connect, Fc, as one increases the cluster size. Finally, if 

appropriate values of I and Fc are used, the area-efficiency of logic blocks containing between 1 

and 10 BLEs is within a 12% range. Hence any logic block in this range, except perhaps a cluster 

of size 2, is a reasonable choice. 

Cluster-based logic blocks have two significant advantages over single BLE logic blocks. 

First, larger clusters reduce the size of the placement and routing problern and hence lead to faster 

compile times. For example, we have found that for large circuits, the time required for VPR to 

place and route a circuit in an FPGA composed of size 10 logic clusters is only one-sixth the time 

required when the FPGA is composed of size 1 logic clusters. Second, since some connections 

are made via fast local routing, one intuitively expects logic clusters to increase FPGA speed. A 

follow-up study to the work presented in this chapter is examining the effect of cluster size on cir- 

cuit speed to confirm and quantify these speed advantages [130]. The initial results show that as 

cluster size is increased from 1 to 10 the resulting FPGA speeds up significantly. Since we have 

shown that a cluster-based logic block with appropriate values of N, 1, and F, has area-efficiency 

comparable to that of a single BLE logic block, an FPGA can gain these compile time and circuit 

speed advantages with little or no area penalty. 
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Chapter 7 

Detailed Routing Architecture 

In this chapter we explore a series of detailed routing architectures to find which ones lead 

to the best FPGA area and speed 1131. The detailed routing architecture of an FPGA specifies the 

length of every wire in the FPGA, the type of switch used to make every connection, the switch 

block topology, the metal width and spacing of each routing wire, and several other related param- 

eters. In the next section we more precisely define al1 the parameters determining an FPGA's 

detailed routing architecture, and explain why detailed routing architecture issues are so crucial in 

FPGA design. Section 7.2 then describes the experimental flow we use to evaluate different rout- 

ing architectures. 

In Sections 7.3 through 7.7 we employ this flow to explore several key detailed routing 

architecture issues. We begin in Section 7.3 by investigating the best switch block topology and 

best F, values for FPGA architectures that include wires that span more than one logic block. We 

also determine the best routing wire length when al1 wires in the FPGA have the same length in 

Section 7.3. In Section 7.4 we investigate FPGAs that contain two different lengths of routing 

wires, and a mix of pas-transistor and tri-state buffer routing switches. In Section 7.5 we evalu- 

ate the utility of intemally depopuiating wire segments, and determine the best amount of depop- 

ulation. Section 7.6 examines the speed gains attainable by increasing the spacing between some 

or al1 of the routing wires. Finally, Section 7.7 provides an overview of al1 the architectures exarn- 

ined in this chapter, comparing the speed and area achieved by the best architectures against a 

routing architecture similar to that of the Xilinx XC4000X series FPGAs. 
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7.1 Motivation 
Most circuit delay in FPGAs is due to routing dehys, rather than logic block delays, and 

most of an FPGA's area is devoted to routing 111. In many ways, then. detailed routing architec- 

ture is the key architectural issue in FPGAs. When we refer to the detailed routing architecture of 

an FPGA we are referring to the values of a very wide range of parameters. including: 

The number of wires, Fc, to which each logic block input pin or output pin can connect, 

The switch block topology (which defines which wires can connect ai a switch block), 

r The segmentation distribution; that is, the different lengths of wire segments in the 

FPGA, and the fraction of tracks in a channel that are composed of wires of each length, 

0 The switch-block interna1 population and connection-block intemal population of each 

wire segment, 

The type of switch (pass transistor or tri-state buffer) used to connect each routing wire 

to other wires, 

the sizes of the transistors used to build the various programmable switches, and 

the metal width and spacing of the various routing wires. 

Recall that definitions of ail the parameters listed above were provided in Section 2.1.3. and 

Section 4.2.1 provided a new and more general definition of intemal switch population. The first 

four parameters above are topological parameters that define the connectivity of the FPGA rout- 

ing architecture; the last two parameters are purely electrical, and the type of switch used to make 

each connection is both a topological and an electrical parameter. 

Every parameter listed above is important, and the choice of each involves balancing com- 

plex trade-offs and interactions with other parameters. For example, if one chooses a segmenta- 

tion distribution with too many short wires, long connections will have to be constructed using 

several short wires connected in series, resulting in poor speed. If the segmentation distribution 

includes too many long wires, however, some short connections will be forced to use long wires, 

degrading speed and wasting area. Similarly, an architecture with too many or too few tri-state 

buffer routing switches will clearly be suboptimal. Pass transistors require less area, and they are 

faster than buffers for short connections, but connections that pass through many switches are bet- 

ter served by tri-state buffers. As well, the best mix of routing switches is dependent on the seg- 

mentation distribution. A segmentation distribution with many long wires will rarely have to 

connect many switches in series to make a connection. Consequently, an FPGA with many long 
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wires can use a higher fraction of pass transistor-based switches in its routing than an architecture 

with a shorter segmentation distribution. 

Previous research into detailed routing architecture (as described in Section 2.1.3) has gen- 

erally focused on only one or two of the parameters listed above, and neglected the others. In this 

work we have tried to take a more holistic approach, investigating appropriate values for al1 of 

these parameters, and determining important parameter interactions. In addition, some important 

parameters have never been investigated before. For example, al1 pnor studies have assumed that 

every routing switch is a pass transistor -- the pos ibility of some routing switches being tri-state 

buffers has not been considered. Similarly, no prior work has considered varying the metal width 

and spacing of the routing wires. The interna1 population issue has been investigated only in a 

very limited way [17] -- the only question addressed to date has been whether or not to completely 

depopulate length 3 wires. Similarly, while considerable work has been conducted on finding the 

best switch block topologies for FPGAs that contain only length 1 wires, there has been no 

research into the best switch blocks for use with FPGAs that contain longer wires. 

In addition to examining a broader spectrum of FPGA architectures than prior researchen, 

we have also taken considerable care to create accurate area and delay models. Simplified and 

abstracted models can lead to questionable conclusions, particularly when we can compare such a 

vast array of widely different FPGAs. Consequently, we have used the "true" delay metric -- crit- 

ical path delay -- and a highly detailed area mode1 based on estirnating the total transistor area 

required by a routing architecture. 

Finally, in this study we spent considerable effort to ensure our CAD tools properly opti- 

mized for every routing architecture in the entire spectrum investigated. Hence we created a 

router that was both routability- and tnily timing-driven (as described in Section 4.4) and under- 

stood issues such as segment Iengths, buffer insertion, and metal capacitance and resistance. It is 

the flexibility of the VPR timing-driven router, as well as the flexibility of our area and delay 

models, that have enabled us to investigate such a broad spectrum of architectures. 

7.2 Experimental Methodology 
We explore different architectures by implementing the twenty largest MCNC benchmark 

circuits into each FPGA architecture of interest. These circuits range in size from 1064 to 8383 

BLEs (where a BLE is a 4-LW plus a register). We implement each circuit with an automatic 

CAD flow sirnilar to that used by FPGA users: technology-independent logic optimization, tech- 
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nology-mapping, placement and routing. We then compare the circuit delay achieved and the area 

required by each architecture. 

In the next section we describe the portions of the FPGA architecture, such as the logic 

block used, that are held constant throughout al1 the expenments of this chapter. The subsequent 

sections detail the CAD Row used to implement circuits in each FPGA, the area and delay models 

used to evaluate the resuit quality achieved by the various architectures, and the "expenmental 

philosophy" that govemed how we explored the huge detailed routing architecture design space. 

7.2.1 FPGA Architectural Assumptions 

In this chapter we are investigating different detailed routing architectures, so we hold the 

other architectural parameters, such as the logic block used, constant throughout the expenments. 

Al1 the FPGAs we investigate are island-style FPGAs (described in Section 2.1.3), and each chan- 

ne1 contains the same number of tracks and has the same segmentation distribution. 

The logic block of al1 the FPGAs studied in this chapter is a logic cluster of four BLEs, with 

ten inputs and one clock. Using the notation of Section 3.1.1, then, the logic block is a cluster 

with N = 4,1= 10, K = 4 and Melk = 1. This logic block is more typical of the size of current com- 

mercial FPGA logic blocks than the single BLE logic block assumed by most prior detailed rout- 

ing architecture research. In Section 6.5 we showed that this logic block has good area-efficiency. 

The input and output pins are evenly distributed around the perimeter of the logic block, since the 

results of Section 5.3.1 showed this pin positioning is best. 

The number of VO pads that fit into the height or width of a logic block is set to four, in line 

with the relative sizes of pads and 4-LUTs of current FPGAs [4,5,7]. With this assurnption three 

of the twenty benchmark circuits we use (bigkey, des and dsip) are pad-limited. We always map 

each circuit to the smallest square logic block array that has enough logic blocks and pads to 

accommodate it. Since commercial FPGAs normally distnbute the circuit clock through a spe- 

cial, dedicated routing resource, we do not route the clock net in sequential circuits. 

Finally, just as in Section 6.2.3, the size of the transistors used in the routing switches is a 

key architectural issue. We believe it is most appropriate to size these transistors to achieve the 

minimum area-delay product of the resulting routing resources. Appendix C details the transistor 

sizing experiments we conducted with the TSMC 0.35 pm process. In Appendix C, we show that 

for a very wide range of routing wire segment lengths, tri-state buffers achieve the best area-delay 

product when their nMOS transistors have five times the drive strength of a minimum width 
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nMOS transistor. To achieve equal rise and fa11 times, the pMOS transistors used in these buffers 

must be larger -- 9.5 times the drive strength of a minimum width pMOS transistor. For routing 

switches composed of p ~ s  transistors, the best area-delay product is achieved when the transis- 

tors have ten times the drive strengih of a minimum-width nMOS transistor. We use these routing 

transistor sizings throughout this cnapter. Appendix C.4 also shows that to minimize the area- 

delay product of an FPGA one should use minimum width routing wires. Consequently a11 the 

results in this chapter assume minimum-width metal for routing wires. 

7.2.2 CAD Flow 
Figure 7.1 illustrates the CAD flow we use to evaluate routing architectures. First, SIS 

[138] is used to optimize the logic of each circuit. Next, we use Flowmap [42] to technology map 

each circuit into 4-LUTs and registers, and Howpack [42] to optimize the mapping and reduce the 

number of LUTs required. VPack (described in Section 3.1.2) then groups these 4-LUTs and reg- 

isters into logic clusters of the desired size (4 BLEs per cluster, using no more than 10 distinct 

inputs). VPR then places the circuit, and the VPR timing-driven router is repeatedly invoked with 

different channel capacities to determine the minimum number of tracks per channel, Wmin, 

Circuit 

C 

I Logic optimization (SIS) 
Technology map to 4-LLITS (FlowMap + Flowpack) 

Cluster 
parameters Pack registers and LUTs into logic clusters (VPack) 
(N=4,1= 1 O) 

1  lacem ment (VPR) 1 
detailed routing 

architecture Routing (VPR, timing-driven router) 1 

Adjust channel 
capacities (W) 

I 4  es + Wmi, determined 
w 

Routing with W = 1.2 W,, (VPR, timing-driven router) 

1 Determine critical path delay and transistor area to build FPGA routing (VPR) 1 
Figure 7.1: Architecture evaiuation flow. 
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required to completely (global + detailed) route the circuit. FPGA manufacturers normally build 

enough routing into their FPGAs that "average" circuits have some spare routing available. We 

model this by performing a final "low-stress" routing of each circuit with the nurnber of tracks per 

channel set to 1.2-Tmin. Our delay model then estimates the circuit critical path, and our area 

model estimates the total transistor area needed to lay out al1 the routing in this FPGA. At the end 

of this CAD flow, then, we have enough ioformation to compare both the speed a d  the area-effi- 

ciency of one architecture to another. 

7.2.3 Delay Mode1 
Our delay values are al1 based on the delays in TSMC's 0.35 Pm, 3.3 V CMOS process. 

Some of the delays we used are listed in Appendix B.2, while some delays cannot be listed 

because the process information is proprietary and was obtained under a non-disclosure agree- 

ment. 

To detemine the critical path of a circuit, we must: 

1. Determine the delay of every connection intemal to a logic block, 

2. Determine the delay of every conncction between logic blocks, and 

3. Perform a path-based timing analysis of the circuit using these delay values. 

We found the delay of the connections within logic blocks by performing SPICE simula- 

tions of every structure in a logic block. Appendix B contains both transistor-level schematics 

that show how we built the multiplexers, buffers, look-up tables, and latches contained in a logic 

block, and a table that lists the various delays through a logic block. Since loading effects and 

input signal swing times can considerably change the delay of a circuit, we always simulated 

speed paths with their Ioads in place, and with the input to the path driven by the circuit which 

would drive it in a real FPGA. 

After a routing is complete, we c m  perform step 2 above -- determine the delay of every 

routed connection. The circuits we map contain thousands of nets, so SPICE simulation would be 

prohibitively time-consuming. Instead, we follow the procedure described in Section 2.2.4; we 

model pass transistors and buffers by equivalent circuits composed of resistors, capacitors, and 

idealized, constant delay elements. The values of the various equivalent resistances, capacitances 

and buffer intrinsic delays were again determined via SPICE simulations of the TSMC 0.35 pm 

process. For details of the procedure and circuit assumptions, see Appendix B. After a routing is 

complete, VPR uses these simplified models of pass transistors and buffers, as well as metal 
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capacitance and resistance data, (al1 of which is specified in the architecture file) to build an 

equivalent RC-tree for each net. It then computes the Elmore delay from the source to each of the 

sinks, as descnbed in Section 4.5. 

Finally, VPR perforrns a patii-based timing-anaiysis using these delay values to desrmine 

the circuit critical path. Section 2.2.5 described the algorithms used in path-based timing analy- 

sis, and Section 4.5 described the VPR timing analyzer implementation. 

Tables 7.1 and 7.2 compare the delays computed by VPR, using these linearized RC models 

of transistors and buffers and the Elmore delay, to those computed by SPICE for various routing 

structures. Overall, the accuracy of Our delay model is very good; the VPR delays are within 9% 

of those of SPICE for al1 but two cases. Those two cases consist of very short connections: a sig- 

nal passing through a logic block output buffer to a wire segment of length 1 or length 4 with the 

routing switches loading this wire being pass transistors. The signal does not pass through any 

switch block routing switches. While the relative error in these two cases is 23.8% and 14.1 % vs. 

SPICE, the delays are very small, so the absolute error in delay is only 1 12 ps and 89 ps, respec- 

tively. Consequently, these errors in delay will have little impact on the critical path delay 

reported by VPR. 

Table 7.1: Delays cornputed by VPR vs. SPICE delays for buffered routing resources. 

Wire Segment Length SPICE Delay (ns) Di fference 
(in Logic BIocks) 

-- - 

7.2.4 Area Mode1 
The area model used in this chapter is based on counting the number of minimum-width 

transistor areas required to lay out the routing of the FPGA. The basics of this area mode1 were 

described in Section 6.2.3, and the transistor-level schemütics of the various FPGA structures 

required by this model are given in Appendix B. 1. We built this model into VPR; once VPR has 

generated the routing resource graph for the desired architecture, it traverses this graph, "builds" 

every structure required by the FPGA's routing, and determines the total number of minimum- 
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Table 7.2: Delays computed VPR vs. SPICE delays for pass transistor routing resources. 

width transistor areas required by the FPGA routing. To allow averaging of results from circuits 

of different sizes, we use a normalized area metric: the number of minimum-width transistor 

areas per tile (i.e. per logic block). Al1 the results in this chapter give only the routing area of the 

FPGA, since the logic block is held constant throughout al1 the experiments. The logic block used 

in this chapter occupies 1678 minimum-width transistor areas, and hence the addition of 1678 to 

any of the routing area results presented in this chapter yields the total area per tile. 

Most prior researchers have evaluated routing area either by counting the number of tracks 

per channel required to successfully route, or by counting the number of programmable switches 

in the routing. Counting the number of tracks required to route a circuit is not a good area metric 

for architecture studies (such as this study) in which the number of switches pet track segment c m  

vary, since the area required by each routing track is then variable. Counting the number of pro- 

grammable switches in the routing is a better area metric, but is still not sufficiently accurate for 

Our purposes. Modem FPGAs use three different types of programmable switch, and the different 

switches require considerably different layout areas. The connection blocks from routing tracks 

to logic block input pins are implemented with multiplexers; the connection blocks from logic 

block output pins to routing tracks, and some of the routing switches, are implemented via pass 

transistors; and some routing switches are tri-state buffers. Table 7.3 lists the area required by 

Wire segment length 
(in logic blocks) 

Number of Wire 
Segments in Series VPR Delay (ns) SPICE Delay (ns) Difkrence I I 
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each of these switch types, including any area required by SRAM bits to control each switch. The 

area per switch varies by a factor of 6.8 from the most area-efficient switch to the least area-effi- 

cien!. Clearly, simply counting the number of programmable rwitches in a routing architecture 

does not provide a gocd area estimate. 

Table 7.3: Comparison of programmable switch areas. 

r s witch Description I Minimum-Width Transistor Areas 

1 Multiplexer (4 inputs) 1 4.5 per switch (1 8 / 4 inputs) 

Multiplexer (32 inputs) 

1 ~ a s s  transistor (10x minimum drive) 1 11.5 

2.88 per switch (92 / 32 inputs) 

1 Tri-state buffer (5x minimum drive) I 19.7 

7.2.5 Experimental Philosop hy 
The detailed routing architecture design space is huge, so we cannot simpiy explore the 

entire N-dimensional space of al1 possible detailed routing architectures. Instead, we perform a 

series of expenments in which we Vary one or two architectural parameters, while fixing the other 

parameters to reasonable values. While varying a single parameter, we are optimizing dong a line 

in the N-dimensional architecture space. Once we have found the best value of one parameter, we 

set it to this value, and Vary a different parameter. Essentially we are exploring the design space 

in a manner similar to the way matrix solvers like the conjugate-gradient method explore the solu- 

tion space of a matrix. 

We begin with relatively simple architectures, and search for the best values of the parame- 

ters that are unlikely to interact strongly with other architectural parameters. We can then fix 

these parameters at their best values, and Vary other architectural parameters to create increas- 

ingly complex architectures. 

7.3 Single Wire Length Architectures 
In this section we evaluate architectures in which every routing wire segment has the same 

length, and in which al1 the routing switches in switch blocks are tri-state buffers. Our goals in 

this section are to: 

1. Determine the most appropriate switch block for segmented architectures, 

2. Gain insight into the wire segment length that is most important in an FPGA, and 
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3. Find the best Fc value(s) for use with segmented architectures and the logic block used in 

this chapter (a cluster of size 4). 

We ran the twenty largest MCNC benchmarks through the Eûw of Figure 7.1 and deter- 

mined the routing area required and the critical path delay achieved by each circuit in each archi- 

tecture of interest. Figure 7.2 plots the average (over the twenty circuits) of the critical path delay 

..,cture. for each architecture, while Figure 7.3 plots the aFrerage routing area required in each arch;*- 

The horizontal axis in both Figures 7.2 and 7.3 is the length of the routing wire segments. Recall 

that each architecture in Figures 7.2 and 7.3 potentidly contains a different number of tracks per 

channel -- each circuit is routed in an FPGA with 20% more routing tracks than the minimum the 

circuit needs to route in an FPGA with the given architecture. 

In both Figures 7.2 and 7.3, the solid lines use the disjoint switch block topology 11331 

described in Section 4.2.3, while the dashed lines use the Wilton switch block topology [29]. 

Each curve plots the routing area or the critical path delay versus the length (in logic blocks) of 

the routing segments used in the FPGA. The "long" point on the horizontal axis indicates the per- 

formance of a routing architecture when al1 its wires are long Iines that span the entire chip. 

7.3.1 Switch Block Issues 
The first feature of interest in Figures 7.2 and 7.3 is the performance of the two different 

switch blocks. Notice that the critical path delay achieved by both switch blocks is about the 

same for FPGAs composed of length 1 wires. However, as the length of the wire segments 

- Disjoint Switch Box, F,. = W 
Disjoint Switch Box, F, = .25W 

b 

80 
- - Wilton Switch Box, F, = W 
- o - Wilton Switch Box, F,. = .25W t 

4 CriticaI Path 
(ns) 

(20 Circuit 
Geometric Average) 
W =  W,,-t20% 

I I 1 I I 
1 2 4 8 16 Long 

Wire Segment Length (Logic Blocks Spanned) 

Figure 7.2: Circuit speed vs. switch block topology, Fc, and routing segment length. 
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(b) Close-up of wire segment lengths from 1 to 16 logic blocks 

Figure 7.3: Routing area vs. routing architecture: (a) al1 wire lengths, (b) close-up. 

increases, the disjoint switch block leads to faster circuits than the Wilton switch block. Simi- 

lady, Figure 7.3 shows that the Wilton switch block leads to the best area-efficiency when al1 the 

routing wires span only one logic block. As the wire length increases to 2 logic blocks, however, 

the area required by the Wilton and disjoint switch blocks become similar and for wire lengths 

greater than 2 the disjoint switch block is more area-efficient than the Wilton switch block. 

When a wire terminates at a switch block, both the disjoint and Wilton switch block topolo- 

gies allow it to connect to three other wires, (i.e. Fs = 3). Hence both switch block topologies 

require the same number of switches in this case, as Figure 7.4(a) shows. Longer wires, however, 
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Disjoint switch block Wilton switch btock 

Disjoint switch block 

I a 
-# *- 6 switches reauired 

(a) Wires terminate at switch block -- "end" switch point 

1 switch required 
by bold wire 

Wilton switch block 

4 switches required 
by bold wire 

(b) Wires continue through switch block -- "intemal" switch point 

Figure 7.4: Switch block examples at (a) end and (b) interior of wires with length greater than 1. 

do not always terminate at a switch block -- they often pass through the switch block. Figure 

7.4(b) shows this case. For the disjoint switch block, the six routing switches required by the two 

horizontal wire segments in part (a) now all connect the same two pieces of metal together. Con- 

sequently we only need to implement one of these switches -- the other five are redundant. In the 

Wilton switch block case, however, only two of the six switches that would be inserted if the wires 

ended at this point are redundant -- a total of four routing switches are still required for this wire 

segment at this switch block. So at ''intemal" switch blocks, where a wire segment passes 

through the switch block without terminating, the disjoint switch block has an Fs,i,,,d of one, 

while the Wilton switch block has an Fs,in,,,,i of up to four. This is a key point -- switch blocks 

that use the same number of switches for FPGAs in which al1 wires are of length one can use dif- 

ferent numbers of switches in FPGAs with longer wires. As well, it is generally not possible to 

describe switch block topologies with a single Fs number when some routing wires span more 

than one logic block. 

The reason for the behaviour seen in Figures 7.2 and 7.3 is now clear. If al1 the wires in an 

FPGA have length one, the Wilton and disjoint switch blocks use the same number of switches 

per wire. The Wilton switch block results in better routability [29], however, so it requires fewer 

wires per channel, and hence less area. As the wire length increases, however, we have more and 
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more wires passing through switch blocks without terminating, and hence more and more "inter- 

nal" switch points. Since the Wilton switch block uses more switches at these points than the dis- 

joint switch block, it  load: the wires more heavily, degrading speed. As well, the reduction in the 

number of wires per channel required to successfully route a circuit is not large enough to out- 

weigh the area of these extra switches, so the Wilton topology's area-cfficiency is worse than that 

of a disjoint topology for FPGAs with longer wires. 

These switch block results are interesting because pnor researchers have focused on deter- 

mining the best switch block for architectures that contain only length 1 wires. Clearly the best 

switch block for such an architecture is not necessarily the best switch biock for architectures con- 

taining longer wires, so research into good switch blocks for FPGAs with longer wires is a fertile 

area for research. Throughout the remainder of this chapter we will use the disjoint switch block. 

This switch block topology is almost certainly suboptimal, however. The fact that this switch 

block only allows wires in irack i to connect to other track i wires reduces routability somewhat. 

and it means that wires of differing lengths can never be connected together. The routing of some 

nets would likely benefit from the abiiity to connect wires of differing lengths. For example, one 

intuitively expects that a good way to route a high-fanout net is to use long wire segments to cre- 

ate a "backbone" that spans the FPGA, and then use shorter wires to reach any sinks that are not 

irnmediately adjacent to the backbone. VPR can route FPGAs with arbitrary switch blocks, so a 

useful future research project would be to employ our tools in a search for better switch blocks for 

FPGAs that contain longer wires. 

7.3.2 Best Single Wire Length 
From Figure 7.2, one can see that the fastest FPGA which uses only one length of wire uses 

wires of length 4 or length 8, regardless of the switch block and Fc value used. Shorter wires lead 

to poor speed because long connections must pass through too many buffers. Very long wires 

degrade speed in two ways. First, short connections are forced to use long wires, which are 

slower than short wires due to their larger capacitance. Second, even connections that travel the 

entire length of a long wire become slow when the wire is too long because the metal resistance of 

the wire becomes large, and eventually reduces speed below that of a larger number of short wires 

connected by buffers. 

Figure 7.5 quantifies the relative speeds of short and long wires, and provides insight into 

why FPGAs using length 4 or length 8 wires have the best performance. Figure 7.5 shows the 
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- - Metal 2, Minimum Spacing 
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Wire Segment Length (Logic Blocks Spanned) 

Figure 7.5: Delay per logic block spanned by a connection vs. wire segment length. 

delay per logic block spanned by a connection as a function of the length of wire used, when the 

routing switches between wires are tri-state buffers. lncreasing the wire length from 1 to 2 logic 

blocks increases the speed of long connections by 612  by reducing the number of routing 

switches in series by a factor of 2. As wire length increases past 4 logic blocks we clearly have 

diminishing speed retums. Note that a wire of length 32 (for metal layer 2) or of length 64 (for 

metal layer 3) is siowei; even for long connections that span the entire wire, than the series con- 

nection of several shorter wires. Since metal 3 h a  a lower resistance, wires can be made some- 

what longer (64 logic blocks rather than 32) before the metal resistance slows them down more 

than extra routing switches would. Since very long wires are also less flexible than short wires in 

terms of the connections for which they cm be used, it is clear that very long wires are not very 

useful for FPGAs in modem IC processes. 

Figure 7.3 shows that wires of length 2 or length 4 lead to the most area-efficient FPGA 

architecture. Length 2 wires are the most area-efficient if the Wilton switch block topology is 

used, while length 4 wires are the most area-efficient if the disjoint switch block topology is used. 

As we increase the length of the routing wires two competing factors determine the resulting 

architecture's area-efficiency. First, longer wires are less "flexible"; they cannot be split in the 

middle, so short connections will waste part of a wire segment. This means the number of tracks 

per channel required to successfully route a circuit increases as the wire segment length increases. 

On the other hand, longer wires pass through more switch blocks before terminating, so the frac- 

tion of "intemal" switch points in switch blocks increases. As Figure 7.4 shows, these interna1 
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switch points require fewer programmable switches, resulting in decreased area. When the dis- 

joint switch block is employed, each interna1 switch point requires only one programmable 

switch; with a Wilton switch block, intemal switch points require up to 4 programmable switches. 

Consequently, longer wire segments reduce the number of switches per wire more dramaticdly 

with a disjoint switch block than with a Wilton switch block. 

Length 4 wires achieve the best combination of low delay and high area-efficiency. An 

architecture using al1 length 8 wires can achieve slightly (-2%) better speed, but requires 11% 

more area. WMe real FPGA architectures can of course use more than one wire length, this result 

is evocative. It leads one to expect that the best FPGA architectures will either include significant 

numbers of length 4 or length 8 wires, or will include some wires shoner and some wires longer 

than length 4. 

7.3.3 Amount of Connectivity Between Logic Blocks and Channels 

Figure 7.2 shows that Fc has little effect on circuit speed. Figure 7.3 shows that an F, value 

of 0.2SWW is superior in terms of area-efficiency to Fc = W for any segment length if the Wilton 

switch block topology is used. If the disjoint switch block topology is used, Fc = 0.25-W is supe- 

rior to Fc = W for al1 wire segment lengths except length = 1. 

Figure 7.6 shows how routing area varies with Fc when al1 routing wires span 4 logic blocks 

(we use length 4 wires since they were found to be the mosi area-efficient in the previous section). 

For the Wilton switch block topology, the best area-efficiency occurs at F, = 0.25-W; this agrees 

Routing Area 
(Minimum-Width 
Trmsistor Areas) 

(20 Circuit 
Ari thmetic Average) 
W =  W, ,+20% 

6750 /- ", Wilton switch block - - - 

Figure 7.6: Routing area vs. Fc for a routing architecture with al1 length 4 lines. 
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with the best Fc value for a logic cluster of size 4 result from Section 6.4. When the disjoint 

switch block topology is used, however, the best value of Fc is 0.5.W. Since the disjoint switch 

block is less routable than the Wilton switch block, a higher value of connection block Rexibility 

is needed for the best area-efficiency. 

With the disjoint switch block to jology some additional routing area can be saved by using 

a lower value Fc value for logic block output pins (FC,OUtPUt) than for input pins (F, Recall 

that the connection block from a logic block output pin to routing tracks is constructed via Fc,out- 

pass transistors controlled by Fc,output SRAM cells. The connection block from routing tracks 

to a logic block input pin, on the other hand, is constructed via a multiplexer with F, inputs. 

The area per switch is therefore higher for the logic block output pin switches than for the 

switches to logic block input pins, as Table 7.3 shows. Consequently, making Fc,o,tput lower than 

Fc,input makes intuitive sense. We have found that, with the disjoint switch block, the best value of 

Fc,output is 0.25-W, while the best value of FCvinpui is 0.5-W. This lower value of Fc saves 

some routing area (2% - 596, depending on the exact routing architecture) versus using an Fc 

of 0.5-W. An Fcgutput value of 0.25-W ensures that each routing track can be driven by one output 

on each logic block (since our logic block has four logically-equivalent outputs). 

7.4 Two Types of Wire Segment Architectures 
In this section we examine somewhat more complex architectures: those that contain two 

iypes of wire segments. Two wires are of different types if their lengths are different, or if they 

use different types of routing switches to connect to other wires (e.g. pass transistors vs. tri-state 

buffers). Al1 the experiments in this section use the disjoint switch block topology and an Fc 

value of 0.5-W, since the previous section showed these are good choices for a wide range of 

architectures. 

7.4.1 Wi-State Buffer Routing Switches Only 
We investigated a large number of architectures that contained two different lengths of rout- 

ing wires, and in which al1 the routing switches in each switch block were tri-state buffers. We 

found that we could achieve only small improvements compared to the best single wire length 

architecture (length = 4). Table 7.4 compares the performance of the two best architectures inves- 

tigated in this section to the best single wire length architecture. Both these architectures are 
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fairly similar to an architecture in which al1 wires have length 4 -- one has 25% length 2 wires and 

75% length 8 wires, while the other has 75% length 4 wires and 25% length 8 wires. Three col- 

urnns in Table 7.4 compare the speeds of these architectures to that of a length 4 architecture 

rnder three diffewnt assumptions of the metal layer and spacing used for routing wire segments. 

The average speedup vs. a length 4 architecture is only 5.3% for the first architecture, and 5.7% 

for the second. Both of these architectures are slightly less dense than an architecture that con- 

tains only length 4 wires. Clearly length 4 wires provide an efficient way to make both short and 

long connections! 

Table 7.4: Best buffered, two different length architectures vs. best single-length architecture. 

Architecture 

Critical Path Delay (ns) (20 Circuit Average) Routing Area 
(Minimum- 

Width Transistor 
S pacing Spacing Wide Spacing Areas) 

-- 

A I ~  length 4, buffered r 4 5 . 2 6 4 5 . 6 2 1  39.8 1 

7.4.2 Length 4 Buffered Wires Plus Pass-Transistor-Switched Wires 

590 I 

25% length 2, 75% length 8 

75% length 4,25% length 8 

Since a routing architecture composed solely of length 4 wires that use tri-state buffers as 

their routing switches performs so well, in this section we investigate architectures in which some 

routing tracks contain wires of this type. The other routing tracks contain wires that connect to 

each other with pass transistor routing switches. We will investigate different Iengths of these 

"pass-transistor-switched" wires, and different proportions of the two types of wires. 

Figure 7.7 shows the speed achieved by FPGA architectures in which 50% of the routing 

tracks use length 4 wires connected by buffered switches, and the other 50% consist of some other 

length of wires connected with pass transistors. The horizontal axis in Figure 7.7 is the length of 

the pass-transistor wires used. The three different curves in Figure 7.7 assume three different 

metal layer / spacing options for routing wires; clearly the metai width and spacing used does not 

significantly change the shape of the curve. 

Figure 7.8 provides the area results for these architectures. The best ara-efficiency occun 

when the pas-transistor-switched wires are length 2, but length 4 and length 8 wires also have 

reasonable area-efficiency, and Figure 7.8 showed they lead to siiperior speed. 

Figures 7.9 and 7.10 investigate the performance of length 4 buffered wires combined with 
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Figure 7.7: Speed of architectures with 50% length 4 buffered and 50% pass-transistor wires. 

either length 1, 2,4, or 8 pass-transistor-switched wires in different proportions, (i.e. not just 50 1 

50). The horizontal mis in these figures is the fraction of routing tracks composed of the pass- 

transistor-switched wires; the remainder of the routing tracks are composed of length 4 buffered 

wires. The "O" point on the horizontal axis corresponds to an architecture composed solely of 

length 4 buffered wires, while the "1" point corresponds to architectures composed solely of wires 

that connect to each other via pass transistors. Figure 7.9 shows the speed of the various architec- 

tures, assuming routing wires are implemented in metal 3 with the minimum metal spacing, while 

Figure 7.10 shows their area. Clearly, adding length 1 wires to an architecture is not a good idea. 

If 33% of the routing tracks are length 1 pas-transistor-switched wires, then area-efficiency 

Routing Area 
(Minimum-Width 
Transistor Areas) 

(20 Circuit 
Arithmetic Average) 
W =  W,,+20% 

I 2 4 8 16 Long 
Length of Pass-Transistor-Switched Wire Segments 

Figure 7.8: Area of architectures with 50% length 4 buffered and 50% pas-transistor wires. 
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Figure 7.9: Speed of FPGAs with a mix of length 4 buffered wires and pass-transistor wires. 

improves by 8% (vs. al1 tracks being length 4 buffered wires), but speed degrades by 7%. Larger 

fractions of length 1 wires degrade both area and speed -- these wires are simply too short to be of 

much use. Many commercial architectures make heavy use of length 1 wires [4, 1351, but our 

results suggest they could improve both their speed and ma-efficiency by using longer wires 

instead. Note that the most widely studied architecture in academic research, an architecture 

composed entirely of length 1 wires connected by pass transistors, has extremely poor speed -- it 
is 2.8 times slower than the fastest architecture in Figure 7.9. 

Adding longer pas-transistor-switched wires to an architecture yields better results. Fig- 

ure 7.9 shows that making between 17% and 83% of the routing tracks pass-transistor-switched 
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Figure 7.10: Area of FPGAs with a mix of length 4 buffered wires and pass-transistor wires. 

wires of length 4 or 8 increases the FPGA speed. Pass transistors do not have the intrinsic delay 

of the multi-stage buffers used in buffered routing switches, and they have higher drive strength 

than a tri-state buffer for the same area, since they use only one transistor, rather than several. On 

the other hand, the delay through a series chain of pass transistors grows quadratically with the 

number of pass transistors. The net effect is that pass transistor switches are faster than buffers for 

connections that pass through a few series switches, but buffers are faster for connections that 

pass through many series switches. If long wires are used, fewer series routing switches are 

needed for long connections, making pass transistor switches more cornpetitive with buffers for 

longer connections. Consequently a mix of moderate length buffered and moderate length pass- 

transistor wires leads to better speed than using al1 buffered routing switches or al1 pass transistor 

routing switches. 

Figure 7.10 shows that increasing the fraction of routing tracks using length 2 , 4  or 8 pass- 

transistor wires improves the FPGA area-efficiency until this fraction reaches approximately 

83%; after that area-efficiency degrades (or levels off, for length 4 wires). A pass transistor 

switch requires less area than a tri-state buffer, and since pass transistors are bidirectional, one 

pass transistor c m  replace two tri-state buffers in the routing. On the other hand, pass transistor 

switches are not well-suited to routing high-fanout nets, as described in Section 4.4.4. To main- 

tain reasonable speed, a high-fanout net routed using pass-transistor switches tends to use a "star" 

topology. This requires more wiring, and hence more routing tracks. and hence more area. Mak- 

ing al1 rouiing switches pass transistors forces even high-fanout nets to be routed using p a s  tran- 
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sistors, degrading area-efficiency. 

Considering boih area and speed, the best architectures use 50% - 83% pas-transistor 

switched wires, wit!! these wires having a length of 4 or 8. Table 7.5 summarizes the performance 

of several of the best architectures found in this section, and !ists performance of an FPGA using 

al1 length 4 buffered wires for cornparison. The area improvement due to a mix of pass transistors 

and buffers ranges from 8% to 18%, while the speed improvernent ranges from 4% to 8%. The 

architectures with 83% pus-transistor switched routing tracks have better area-efficiency, at the 

cost of slightly reduced speed, cornpared to FPGAs with only 50% pass-transistor switched rout- 

ing tracks. 

Table 7.5: Best architectures combining length 4 buffered and pass-transistor switched wires. 

l 
-- 

50% Length 4 Buffered, 50% 1 42.78 l +6.6< - 1  1.5% 
Length 4 Pass Transistor 5223 rp- 

Wire Distribution of 
Architecture 

100% Length 4 Buffered 

- - 

50% ~ e n ~ t h  4 Ëuffered, 50% +8.0% -8.1 % 1 42-25 1 Length 8 Pass Transistor I 

Delay (ns) 

45.62 

17% Length 4 Buffered, 83% 1 43.90 l +3.9% 
Length 4 Pass Transistor 

I 
- -- - 

1 7% Length 4 Buffered, 83% r 4354 I Length 8 Pass Transistor 

4843 l - 17.9% 

A major conclusion of this section is simply that the best routing architecture contains a mix 

of pass transistors and tri-state buffers. This fact is not wide!y known. Virtually al1 prior aca- 

demic research has focused on FPGAs that contain only pass transistors, while a new FPGA start- 

up Company has made the fact that their FPGAs contain no pass transistors (al1 routing switches 

are tri-state buffers) a marketing feature [14 11. 

Speedup vs. 
Length 4 Buffered 

Architecture 

-- 

7.4.3 Length 8 Buffered Wires Plus Pass-Transistor Switched Wires 
In Section 7.3.2 we found that an FPGA cornposed entirely of length 8 wires interconnected 

by tri-state buffers performed almost as well as an FPGA that used only length 4 wires. Conse- 

quently, in this section we investigate routing architectures in which some routing tracks are com- 

posed of length 8 buffered wires, while the other routing tracks are composed of wires connected 

Area (Minimum- 
Width Transistor 

Areas) 

590 1 

Area vs. Length 
4 Buffered 

Architecture 
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by pass transistors (and which may have a length different than 8). Our goals are to find the best 

length of pass-transistor switched wire to combine with length 8 buffered wires, and to find the 

best proportion of pas-transistor switched routing tracks to length 8 buffered routing tracks. 

The architectural conclusions of this section are very similas to those of the previous sec- 

tion: 

1. The best combination of area and delay results when the pass-transistor switched wires 

are of length 4 or 8. 

2. The best architectures contain from 50% to 83% pass-transistor switched routing tracks. 

with the 50% pas-transistor architectures giving the best speed, and the 83% pass-tran- 

sistor architectures yielding the best area-efficiency. 

Table 7.6 summarizes the performance of the best architectures that combine length 8 buff- 

ered wires with some other length of pas-transistor switched wires. The performance of an 

architecture using al1 length 8 buffered wires is also listed for cornparison. Comparing these 

results to those of Section 7.4.2 shows that using length 8 buffered wires instead of length 4 buff- 

ered wires has slightly increased the FPGA speed, at the cost of slightly decreased area-efficiency. 

Table 7.6: Best architectures combining length 8 buffered and pass-transistor swi tched wires. 

Wire Distribution of 
Architecture 

100% Length 8 Buffered 

50% Length 8 Buffered, 50% 
Length 4 Pass Transistor 

- 

17% Length 8 Buffered, 83% 
Length 4 Pass Transistor 

50% Length 8 Buffered, 50% 
Length 8 Pass Tmsistor 

17% Length 8 Buffered, 83% 
Length 8 Pass Transistor 

7.4.4 Length 4 Pass-Transistor Wires Plus Buffered Wires 
Recall from Section 7.2.5 that we are exploring the highly complex detailed routing archi- 

tecture space by fixicg most of the architectural parameters and varying only one or two in a set of 

experiments. The danger in such an exploration approach is that we may miss some important 

architectures by fixing some parameters at values that initial experiments led us to believe were 

Delay (ns) 
Speedup vs. 

Length 8 Buffered 
Architecture 

Area (Minimum- 
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Areas) 

Area vs. Length 8 
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Architecture 
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Figure 7.11: Speed of FPGAs using 50% length 4 pass-transistor wires and 50% buffered wires. 

reasonable, but which were suboptimal for the more complex architectures studied later. 

To guard against such occurrences, we often investigated a certain portion of the architec- 

ture space from more than one perspective. For example, in this section we again investigate 

FPGAs in which some of the routing tracks consist of wires that connect via pass-transistor 

switches, while the other routing tracks connect via tri-state buffers. In this section, however, we 

assume that the pass-transistor-switched wires are of length 4, and search for the length of buff- 

ered wiring segment that best complements these wires and leads to the best FPGA. 

Figure 7.1 1 shows how circuit delay varies with the length of the buffered wiring segments, 

while Figure 7.12 illustrates the variation of FPGA routing area with the length of the buffered 
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Figure 7.12: Area of WGAs using 50% length 4 pass-transistor wires and 50% buffered wires. 
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routing segments. In both Figures 7.11 and 7.12, 50% of the routing tracks are composed of 

length 4 wires that connect via pass-transistor switches, while the other 50% of the routing tracks 

use some length of buffered wire segment. Figure 7.1 1 shows that the best delay occurs when the 

buffered wire segments have length 8, although length 4 and length 16 wire segments lead to 

FPGAs that are only slightiy r!ower. Figure 7.12 indicates that the best area-efficiency occurs 

when the buffered wire segments have length 4 or length 8. 

Considering both speed and area-efficiency, the best architecture studied in this section 

combines length 4 pass-transistor wires with length 8 buffered wires, and the second best archi- 

tecture uses length 4 buffered wires instead of length 8 buffered wires. The fact that length 8 and 

length 4 buffered wires were again found to be the best increases our confidence that we fully 

explored the most promising two-wire-type architectures in Sections 7.4.2 and 7.4.3. 

7.5 Interna1 Population 
In this section we investigate the intemal population question, which was described in Sec- 

tion 4.2.1. Recall that the connection-hlock intemal population of a wire specifies how many of 

the intemal points along the length of a wire that spans multiple logic blocks are accessible by 

switches to logic blocks. Similarly, switch-block internal population specifies how many of the 

intemal points along a wire can connect to other wires via routing switches. In this section we 

detemine what fraction of an FPGA's routing tracks should be composed of intemally-depopu- 

lated wires, and exactly how depopulated these wires should be. 

In al1 the experiments of this section we assume that routing wires are laid out in metal 3 

with minimum spacing. Fc,,,tp,t is always 0.25-W, FcVinput is always 0.5-W, and the switch block 

topology is disjoint. 

Al1 Length 4 Buffered Wires 
In Section 7.3.2 we found that the best FPGA architecture that employs only one length of 

wire connected by buffers was an FPGA with length 4 wires. Consequently, in this section we 

investigate architectures that use al1 length 4 wires connected by tri-state buffers with varying 

amounts of connection-block and switch-block intemal population. 

We first perfomed a set of experirnents in which al1 the wires in the architecture had the 

sarne amount of internal population. We found that if the wires were more than slightly depopu- 

lated, some circuits became cornpletely unroutable (would not route at any channe1 width). More 
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specifically, if the connection-block population is less than 75% (a wire connects to fewer than 3 

out of the 4 logic blocks it spans) some circuits becorne unroutable. Similarly, if the switch-block 

population is less than 80% (a wire connects to other wircs at fewer than 4 out of the 5 switch 

blocks it spans) some circuits will not route. Figure 7.13 shows why reducing the connection- 

block population to 50% makes some circuits unroutable. In Figure 7.13 the logic block has only 

sne output, which is located on the bottom side of the logic block. Notice that when ail the rout- 

h g  wires are length 4 and have a connection-block population of 50%, there is no possible way to 

connect many logic blocks. For example, logic block A in Figure 7.13 cannot connect to either of 

the shaded logic blocks. Similar, but more subtle effects render many circuits unroutable in 

FPGAs in which al1 the wires have less than 80% switch-block population. Clearly then one 

should not depopulate al1 the wiring tracks in an FPGA -- some wires should remain fully popu- 

lated to guarantee it is possible to connect every pair of logic blocks in the FPGA.' 

Figures 7.14 and 7.15 show how circuit speed and routing ara ,  respectively, are affected as 

the intemal switch population of 50% of the routing wires in an FPGA is varied. The other 50% 

of the routing wires are always fully populated. Each line in Figures 7.14 and 7.15 corresponds to 

a different amount of connection-block population for 50% of the routing wires, while the switch- 

block intemal population for these wires varies dong the horizontal axis. Figure 7.14 indicates 

that reducing the intemal population of routing wires leads to a small (2% - 3%) speed gain. 

While reducing the intemal population of a wire reduces its capacitive loading somewhat, most of 

the capacitance loading a wire is the metal capacitance of the wire itself, and this limits the 

achievable speedup.* As well, as the intemal population of a wire segment is reduced, some nets 

may have to use more circuitous routes to connect their terrninals because of the reduced flexibil- 

Logic blocks unreachabie from block A 
\ i Output pin 

Figure 7.13: An FPGA with al1 length 4 wires and 50% connection-block population. 

1 .  A useful direction for future research would be to explore wire segments with differing arnounts of inter- 
na1 connection-block population for logic block inputs and outputs. Switches to logic block output pins 
require the most area, s o  depopulating these switches yields the largest area gains. Keeping Iogic block 
input pin switches fully populated for a wire guarantees that a logic block c m  always reach any other 
logic block even if ail wires are intemally output connection-block depopulatrd. 
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Figure 7.14: Speed of architectures with 50% of routing tracks depopulated in some way. 

ity of the routing fabric. This tends to decrease speed, and offsets some of the speed gain due to 

reduced capacitive loading. 

Figure 7.15 details the effect of intemal population on routing area. As the intemal popula- 

tion of wires is reduced, the number of switches per wire drops, swing routing area. On the other 

hand, more tracks per channel are required to successfully route circuits because of the reduced 

flexibility of the routing, and this increases routing area. The best routing area is achieved when 

the intemal population of the routing wires best balances these two factors. Figure 7.15 shows 

Routing Area 
(Minimum-Width 
Transistor Areas) 

(20 Circuit 
Arithmetic Average) 
W =  W , , + 2 0 %  

6 o d - -  - 100% Connection-Block Population 
1 e - * - 75% Connection-Block Population 

. . a  . .  50% Connection-Block PopuIation 
.O 

40% 60% 80% 100% 
Switch-Block Internal Population (for 50% of tracks) 

Figure 7.15: Area of architectures with 50% of routing tracks depopulated in some way. 

2. Larger speed gains are possibte if one sizes up the routing transistors connecting to the intemally-depop- 
ulated wire segments, as this reduces the portion of the delay due to metal capacitance. This requires 
additional area, but may be desirable when an FPGA architect is more concerned with speed than area. 
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Figure 7.16: Wmin for architectures with 50% of routing tracks depopulated in some way. 
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that reducing the connection-block population from 100% to 75% has only a marginal impact on 

I I I 

area-efficiency, and reducing it further, to 50%, degrades area-efficiency. Reducing swi tc h-block 

population is more effective -- there is a clear area win as the switch-block interna1 population is 

reduced from 100% to 60%. Further reductions to a switch-block population of 40% provide little 

or no area gain. The three best architectures are those in which 50% of the routing tracks have: - 100% connection-block population, and 60% switch-block population, or 

75% connection-block population and 60% switch-block population, or - 75% connection-block population and 40% switch-block population. 

Figure 7.16 shows the average number of tracks per channel required to successfully route 

the benchmark circuits (IVmin) for the various architectures. Notice that Wmin increases as the 

intemal population (of 50% of the wires) decreases. The three architectures listed above require 

roughly the same transistor area, but the 100% connection-block population, 60% switch-block 

population architecture requires the lowest number of routing tracks per channel and hence the 

least metal area. This probably makes it slightly preferable to the other two architectures. 

Figure 7.17 shows why we would intuitively expect an FPGA that contains some length 4 

wires with 60% switch-block population to have good rouiability. These wires can always be 

interconnected so that two sides of any logic block in the FPGA can be reached from any point. 

Since the input and output pins on Our logic blocks are al1 logically-equivalent, a connection can 

use any logic block input or output pin. Consequently, as long as al1 the pins on the "reachable" 

sides of a target logic block are not already used, the connection c m  be made to one of these 
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- Routing wire 

- - - -  Routing switch - 
Wires reachable from 

A-- - - - 
y Source wire 

Figure 7.17: Length 4 wires with 60% switch-block population can reach 2 sides of any block. 

"reachable" sides. Some wiring tracks must have higher than 60% interna1 population, however, 

so that they can reach any side of a logic block and route connections when al1 the pins on one 

side of a logic block have already been used. Note that wires with lower switch-block population 

(e.g. 40%) cannot reach any side of some logic blocks from some points, significantly reducing 

routing flexibility. 

In the experiments above, we arbitrarily decided that only 50% of the routing tracks would 

be intemally depopulated in some way, while the other 50% of routing tracks were fully popu- 

lated. We found that for such architectures, a connection-block population of 100% and a switch 

block population of 60% was a good choice for the depopulated wire segments. In Figures 7.18 

45.5 
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Figure 7.18: Speed versus the fraction of routing tracks with a switch-block population of 60%. 
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Figure 7.19: Area versus the fraction of routing tracks with a switch-block population of 60%. 

and 7.19, we Vary the proportions of these two types of wire segments: some wire segments have 

a switch-block population of 60% w hile the remaining wire segments have a switch block popula- 

tion of 100%. Al1 wire segments have a connection-block population of 100%. 

Figure 7.18 shows the how speed varies as the fraction of tracks that have only 60% interna1 

switch-block population is varied. Again, the speed increase is small -- only about 2%. Notice 

also that essentially al1 of this speed gain has already occurred when only 17% of the routing 

tracks have been internally-depopulated. This indicates that Our router is able to correctly identify 

the time-critical nets and move them ont0 the fastest resource available. 

Figure 7.19 shows how routing area varies with the fraction of tracks that have only 60% 

intemal switch-block population. The best area occurs when 67% of the routing tracks have been 

depopulated in this way -- any more and the increase in tracks required to successfully route a cir- 

cuit outweighs the reduction in the average number of switches per wire. Using a switch-block 

population of 60% for two-thirds of the routing tracks yields a 5.2% reduction in routing area ver- 

sus fully populating al1 routing tracks. 

7.5.2 Two-Wire-Qpe Architectures 

To determine if the routing architectures of Section 7.4 could also benefit from reductions in 

the intemal population of some routing wires, we conducted experiments in which we reduced the 

intemal population of some of the best architectures found in Section 7.4. Figure 7.20 shows how 

area-efficiency varies as the fraction of routing tracks using a switch-block intemal population of 
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Figure 7.20: Area versus fraction of routing tracks with 60% switch-block population. 
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60% is varied, for a representative architecture. The routing architecture shown in Figure 7.20 

contains 33% length 4 buffered wires and 67% length 4 pas-transistor-switched wires. The con- 

nection-block population of al1 wires is 100%. The three curves in Figure 7.20 correspond to 

three different ways to depopulate the routing wires. The solid curve depopulates the buffered 

wires first, and depopulates the pass-transistor-switched tracks only once al1 the buffered wires are 

depopulaied. The 0.33 point on this curve therefore corresponds to an architecture in which al1 

the buffered routing tracks have a switch-block intemal population of 60%, and al1 the pass-tran- 

sistor switched tracks have a switch-block population of 100%. The dashed line, on the other 

hand, depopulates the pass-transistor-switch wires first. The 0.67 point on this curve, then, corre- 

sponds to an architecture in which a11 the pass-transistor-switched wires have a switch-block pop- 

ulation of 60%, and a11 buffered wires have a switch-block population of 100%. Finally. the 

dotted line depopulates pas-transistor-switched and buffered wires in equal proportion. For 

example, the 0.67 point on this curve denotes an architecture in which 67% of the buffered wires 

and 6 7 8  of the pass-transistor-switched wires have a switch-block population of 60%; the other 

33% of the routing wires have a switch-block population of 100%. Note that the "0" point on the 

horizontal axis corresponds to an architecture in which al1 routing wires are fully switch-block 

populated, for al1 three curves. 

From Figure 7.20 one can clearly see ihat depopulating buffered routing tracks first leads to 

the best area-efficiency. This makes intuitive sense -- since ui-state buffer routing switches con- 

sume more area than pass transistors, elirninating these buffered switches saves more area than 
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eliminating pass transistors. The best area-efficiency occurs near the 0.5 point on the solid curve 

of Figure 7.20. In this architecture al1 the buffered wires (33% of routing tracks) have a switch 

block interna1 population of 60%. 20% of the pas-transistor-switched wires (13% of the routing 

tracks) also have a switch-block population of 60%, while thc ûther pass-transistor-switched wires 

(54% of the routing tracks) have a switch-block population of 100%. This architecture has 4.8% 

better area-efhciency than an FPGA in which d i  routing tracks are fully switch-block populated. 

Depopulating routing wires for this architecture did not produce a significant speed gain, however. 

We have experimented with other two-wire-type FPGA architectures, and found that they 

also tend to have the best area-efficiency when the buffered routing tracks have a switch-block 

oniy in every second potential location. Depopulating some of the pass-transistor-switched wires 

as well can lead to a small further area improvement if less than 50% of the routing tracks consist 

of buffered wires. For example, an architecture containing 50% length 8 buffered wires and 50% 

length 4 pass-transistor-switched wires has 5.3% better area-efficiency when the buffered wires 

have a switch-block population of 56% (Le. 5 out of 9 potential switch blocks) than when al1 

wires are fully switch-block populated. 

7.6 Wire Spacing for Speed 
The previous sections considered optimizing the topology of an FPGA's routing architec- 

ture -- i.e. the connectivity of the switches and wires. In this section we consider a purely electri- 

cal optimization: varying the spacing between routing wires. In modem IC processes, the 

coupling capacitance between adjacent wires in the same metal layer is a large fraction of the total 

wire capacitance. Increasing the spacing between wires reduces this coupling capacitance, and 

hence speeds up an FPGA's routing. For example, in TSMC's 0.35 pm process, increasing the 

spacing between metd 3 wires from the minimum value (0.5 pm) to five times the minimum value 

(2.5 pm) reduces the coupiing capacitmce between adjacent wires to almost nothing, and reduces 

the total metd capacitance by over 48%. Of course, this increase in metal spacing reduces metal 

routing density -- the pitch of the wires is increased by a factor of 2.8. Often, therefore, it will not 

be possible to increase the metal spacing of every routing wire this much without requiring more 

rnetal area than is available in the FPGA layout (Le. dl the required metal would no longer fit 

above the area required by the transistors, so the chip layout would have to be expanded). 

A natural question then, is whether it is necessary to reduce the capacitance of every routing 

wire in this way to speed up an FPGA, or if reducing the capacitance of only a subset of the rout- 
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ing wires is sufficient. Figure 7.21 shows how the speed of a length 4 buffered architecture (the 

best single-wire-length FPGA found in Section 7.3.2) varies as the fraction of routing tracks that 

are widely spaced is varied. In Figure 7.21 al1 routing wires have length 4, and connect via tri- 

state buffers. The "O" point on the horizontal axis corresponds to an FPGA that uses the mini- 

mum metûl spacing between al1 the routing tracks, while the " 1" point corresponds to an FPGA 

that using a wide (2.5 pm) spacing between a11 the routing tracks. Observe that increasing the 

metal spacing significantly improves speed -- an FPGA that widely spaces al1 the routing wires is 

14.6% faster than an FPGA that uses the minimum spacing for al1 the wires. Even more interest- 

ing is the fact that we c m  obtain most of this speedup by increasing the specing between only 

10% to 2 0 4  of the routing wire segments. If we use a wide spacing between only 10% of the 

routing wires. we obtain a 9.8% speedup, and widely spacing 20% of the routing wires yields a 

12.9% speedup. By increasing the spacing between only 10% to 20% of the routing wires we 

minimize the increase in metal area required, but still obtain almost al1 the achievable speedup. 

Note that Figure 7.21 also provides an indirect validation of Our router. If Our router used 

the faster wires equally for al1 connections, Figure 7.2 1 would be a straight line from the slowest 

architecture (when al1 routing wires use the minimum spacing) to the fastest architecture (when 

al1 routing wires are widely spaced). Instead, however, we obtain most of the achievable speedup 

when only 10% to 20% of the wires are widely spaced. This implies that our router is able to cor- 

rectly identify the most time-critical nets and route them via the fastest routing resources. 

Figure 7.22 shows how the speed of one of the best two-wire-type architectures varies with 

the spacing between routing wires. In this architecture 50% of the routing wires are length 4 
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Figure 7.21: Speed of a length 4, buffered wire FPGA vs. routing wire spacing. 
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wires connected by tri-state buffers, while the other 50% are length 4 wires connected by pass 

transistors. Again, the horizontal axis denotes the fraction of tracks that are widely spaced (2.5 

prn spacing), while the other tracks use the minimum metal spacing. The solid line shows the 

speed obtained when the widely spaccd tracks are allocated evenly to buffered and pass-tracsistor- 

switched wires. The dashed line is obtained when we increase the spacing of the pass-iransis!or- 

switched tracks first, and increase spacing of the buffered tracks only after al1 the pass-transistor- 

switched tracks have wide spacing. The dotted line occurs when we do the opposite -- we first 

increase the spacing of the buffered tracks, and increase the spacing of the pass-transistor- 

switched wires only after all the buffered wires are widely spaced. 

Once again, increasing the spacing of al1 the metal tracks Ieads to a significant speedup; in 

this case the speedup is 15.1 %. The solid line in Figure 7.22 shows that most of this speedup is 

again obtained when only 10% to 20% of the routing tracks are widely spaced. In this case, we 

obtain a speedup of 7.6% by spacing out only 10% of the routing tracks, and a speedup of 12.1 % 

by spacing out 20% of the routing tracks. Comparing the solid line in Figure 7.22 to the other two 

lines shows that one must increase the spacing of both some pass-tnnsistor-switched wires and 

some buffered wires. About half the total speedup is due to speeding up the pass-transistor- 

switched wires, and the other half is due to speeding up the buffered wires. This indicates that 

both these types of wire are useful for making speed-critical connections -- the pass-transistor 

switched wires are better for short connections, while the buffered wires are better for long con- 

nections. 

While this section has examined speeding up an FPGA by spacing out some of its wires, 
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Figure 7.22: Speed of a length 4,50% buflered, 50% pass-transistor FPGA vs. wire spacing. 
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one can achieve similar effects by increasing the size (and hence the drive strength) of the routing 

switches used to interconnect wires on certain routing tracks. From the results of this section, we 

can predict that increasing the size of the switches on only 20% of the routing tracks will produce 

almost as much speed gain as increasing the switch size on every routing track. 

7.7 Overall Architecture Cornparison 
In the previous sections we have examined FPGA routing architectures of gradually 

increasing complexity and looked for important architectural trends by varying the key architec- 

tural parameters. In this section we provide an overview of al1 the results of this chapter by com- 

paring some of the best architectures found in each of the prior sections against each other and 

against a routing architecture that is similar to that of the popular Xilinx XC4000X series FPGAs 

[135, 1361. As described in Section 4.6.2, this "4000X-like" architecture contains 25% length 1 

wires, 12.5% length 2 wires, 37.5% length 4 wires, and 25% "one-quarter longs", whose length is 

one-fourth of the chip. The Iength 1 and 2 wires connect via pass transistors, while the longer 

wires connect via tri-state buffers. As well, pass transistor switches also allow the length 4 wires 

to connect to the length I and 2 wires, and the one-quarter longs to connect to length 1 wires. 

While this routing architecture is very similar to that of the Xilinx XC4000X, it simplifies a few 

features [ 1 361. 

Table 7.7 compares the speed and density of some of the best architectures found in each of 

the preceding sections to those of this 4000X-like architecture. We also include the performance 

of an FPGA cornposed entirely of length 1 wires connected by pass transistors, since most prior 

FPGA research has focused on this architecture. Al1 the architectures below have a connection- 

block intemal population of 100%, and al1 routing wires are minimum width, minimum spacing 

metal 3 wires. Al1 the architectures have an Fc of 0.25.W and an Fevinput of 0.5-W. 

The architectures are listed (after the 4000X-like architecture) in order of increasing corn- 

plexity. Notice the extremely poor performance of an FPGA using only length 1 wires connected 

via pass transistors -- 147% slower (-60% speedup) and 33.1 % percent larger than the 4000X-like 

architecture. The best architecture we found using only pass transistors and one length of wire 

used length 8 wires. This architecture performs much better than a length 1 architecture; it is 

5.6% faster than the 4OX-like architecture, at a cost of 16% larger area than that of the 4000X- 

like architecture. Although the speed and area-efficiency of this length 8, al1 pass-transistor 
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Table 7.7: Cornparison of key architectures (20 circuit allerage). 

Routing 
'peedup 

Ares 
Routing 

Area 
VS. 

4000X- 
like 

FPGA 

-- 

Segmentation of Routing Tracks, 
and Switch Qpes Used 

Switch-BIock Interna1 
Population 

v S. 

4oooX- 
like 
FPGA 

(Min. 
Width 

Transistor 
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Delay 
(ns) 

48.83 

- 
120.7 

Xilinx 4ûOûX-like: 25% L 1, 
12.5% L2,37.5% LA, 25% one- 

quartrr longs; mix of buffers and 
pass transistor switches 

100% for al1 wire lengths 
except L2. For L2,66%, 

IO% LI ,  pass-transistor switched Not relevant 

1 10zo-~8,~ass-transistor switched 

1 lm% L4, buffer switched 

6 0 %  for 67% oftncks. 
100% for 33% of tracks 

100% L4, buffer switc hed 

67% LA, pas-transistor switched; 
33% L4, buffer switched 

83% L4, pass-transistor switched 
17% L4, buffer switched 

50% L4, pass-transistor switched 
50% L8, buffer switched 

83% L4, pass-transistor switched 
17% L8, buffer switched 

I 
. . - - -- -- 

67% LA, pass-transistor switched; 
33% L4, buffer switched 

60% for buffer-switched 
wires, 100% for pus- 

transistor switched wires 

50% L4, pass-transistor switched 
50% L8, buffer switched 

56% for buffer-switched 
wires, 100% for pass- 

transistor switched wires 

83% LA, pass-transistor switched 
17% L8, buffer switched 

56% for buffer-switched 
wires, 100% for pass- 

transistor switched wires 

FPGA are reasonably competitive on average, we consider FPGA architectures that contain no 

buffers dangerous. As circuit size increases, the longest connections in an FPGA grow longer, 

and will pass through more series switches. Since the delay of pass-transistor switches grows 

quadratically with the number of switches in series, it is difficult for an architecture that contains 

only pass transistors to maintain good speed as the size of the logic block array grows. As well, 

larger circuits cm contain nets with a higher maximum fanout, and purely pas-transistor based 
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routing is inefficient for routing high-fanout nets. For both these reasons, architectures that con- 

tain only pass transistors do not scale as well with increasing circuit size as architectures that con- 

tain some buffers. 

The best single-wire-type architecture we found, in which al1 wirei are length 4 and al1 

switches are buffers, is 7.2% faster than the Xilinx 4000X-like FPGA. Its area is 30.9% larger, 

however. It is interesting that such a simple FPGA architecture is reasonably cornpetitive with the 

complex routing architecture of the 4000X-like FPGA. Simpler routing architectures make it eas- 

ier to develop CAD tools. As well, they likely make it easier to implement intellectual-property 

"cores." These cores are sometimes provided as "hard" (placed-and-routed) rnacros. If there is 

only one type of routing resource in the FPGA, it is easier to mzp several of these hard cores into 

one FPGA and ensure each geis the wires it needs. These factors may make a simple FPGA archi- 

tecture, in which al1 the wires are essentially the same, attractive despite i ts suboptimal speed and 

area performance. 

By reducing the intemal switch-block population of some of the wires in this al1 length 4 

architecture to 60% we can reduce the area overhead versus the 4000X-like architecture from 

30.9% to 24.1 %. 

Table 7.7 also lists four of the best two-wire-type architectures. Each of these architectures 

combines some buffered wires with some pass-transistor-sw itched wires. Two of these architec- 

tures use only length 4 wires, while the other two use some length 4 and some length 8 wires. 

Notice that these architectures are al1 significantly (10.2% to 19%) faster than the 4000X-like 

architecture, but none of them is as area-efficient. The area penalty for using an architecture that 

is 19% faster than the 4000X-like architecture is 13.9%. while the area penalty for an architecture 

that is 11.4% faster than the 4000X-like architecture is only 2.6%. Both the speed and the area of 

these architectures are significantly better than the best single-wire-type architecture discussed 

above, showing that a rnix of pass transistors and buffers is very useful in FPGA routing. 

The 1 s t  three lines in Table 7.7 show the benefits of reducing the switch-block population 

of these two-wire-type architectures so that the buffered wires have a switch block only once 

every two logic blocks. These architectures are from 2.5% to 7.5% more area-efficient than those 

that used a switch-block population of 100% for al1 wires; the exact arnount of area improvernent 

depends on what fraction of the routing wires use buffered switches. One of these architectures is 

18.4% faster than the 4000X-like architecture and only 6.4% larger, and another architecture is 

10.9% faster and uses the sarne area as the 4000X-like architecture. 
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From the results of Table 7.7 one can see that we have found many architectures with speed 

superior to that of the 4000X-like architecture. but only one with superior density (and only mar- 

ginally higher density at that). We believe the 4000X contains too mmy short wire segments, and 

this reduces its speed versus many of the architectures we hwe investigated. The 4000X uses a 

more advanced switch block thar! the disjoint switch block used 5y al1 the other architectures in 

Table 7.7, however. The 4000X switch block contains some switches that allow wires of different 

lengths to connect, and that allow wires in different tracks to connect. These features make the 

4000X switch block more routable than the disjoint switch block, yet it contains only a few more 

switches than the disjoint switch block. Consequently, this switch block tends to result in FPGAs 

with superior density. As discussed in Section 7.3.1, we consider the investigation of better 

switch block topologies for use with FPGAs that contain sorne long wires to be a fertile area for 

future research. We expect that combining the segmentation distributions of some of the architec- 

tures listed in Table 7.7 with a better switch block would lead to significantly improved area-effi- 

ciency. 

Finally, note that the speed enhancement of increasing the spacing between 20% or so of the 

routing wires (described in Section 7.6) can be applied to any of the architectures listed above to 

yield a further speed increase of approximately 13%. 

7.8 Summary 
In this chapter we have investigated a large number of different detailed routing architecture 

issues. First, we showed that a disjoint switch block topology is superior to a Wilton switch block 

topology for FPGAs that contain wires longer than one logic block. The switch block used in the 

Xilinx XC4000X FPGA is superior to either of these alternatives, however, and considerable fur- 

ther research is needed in this area. 

Secondly, we showed that it is most important for FPGAs to contain wires of moderate 

length (4 to 8 logic blocks). While most commercial FPGAs contain some very short and some 

very long wires, we have found FPGAs that use signifiant numbers of these types of wires to be 

inferior to those that employ medium-length wires. 

We dso found that FPGAs that contain a mix of pass-transistor and tri-state buffer routing 

switches are superior to FPGAs that employ only one type of switch. The fastest FPGAs tend to 

contain about 50% pass-transistor switches and 50% tri-state buffer switches, while the most area- 

efficient FPGAs contain about 80% pass-transistor switches and only 20% tri-state buffer 
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switches. 

We also found that reducing the swi tch-block intemal population of routing wires that inter- 

connect with tri-state buffers produces an area gain of 2.5% to 7.5% for typical architectures. The 

switch block population of these buffered wires should be set so that each wiie contains a swii~h 

block at only every second potential location dong its length. Reducing the connection-block 

interna1 population of long wire segments did not produce any significant area gain, however. 

We showed that by increasing the metal spacing of only about 20% of the routing wires, one 

can increase the speed of an FPGA by over 12%. Increasing the spacing between wires reduces 

capacitance, and our router cm route almost al1 the time-critical nets on only 20% of the routing 

tracks. Consequently, increasing the spacing of 20% of the routing wires yields almost as large a 

speedup as increasing the metal spacing on al1 the routing wires. 

Finally, we showed that the best architectures examined in this chapter have significantly 

superior speed to a (slightly simpli fied) Xilinx XC4000X routing architecture; some architectures 

are 19% faster than the 4000X architecture. This 4000X-like routing architecture has better area- 

efficiency than al1 but one of the architectures we examined, however. The best architectures in 

this chapter have a better area-delay product than the 4000X-Iike architecture, indicating that they 

have gained more in speed than they have sact-ificed in area. They are also less complex than the 

4000X. This is a useful feanire, as it  simplifies both CAD tool design and the implementation of 

pre-placed and pre-routed intel lec tual property cores. 
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Chapter 8 

Conciusions and Future Work 

8.1 Summary and Contributions 
This dissertation has contributed to two related research areas: FPGA CAD algorithms and 

FPGA architecture. The new CAD algorithms and tools developed in this research were 

described in Chapters 3 and 4, and are briefly surnmarized in Table 8.1. In Chapter 3, we devel- 

oped the first publicly-described logic block packing tool targeting cluster-based logic blocks.' 

We also created a new simulated annealing based placement tool (the placement portion of our 

Versatile Place and Route (VPR) program) which incorporates three new enhancements over prior 

tools. First, we implemented a new annealing schedule that adapts automatically to different 

placement problems, provides good result quality and is more robust than the schedule of Huang 

et a1 [77]. Second, we developed a new, "linear congestion" placement cost function that 

enhances the routability of circuits mapped to FPGAs in which different channels have different 

widths. Finally, we developed an incremental net bounding box update algorithm that reduces the 

CPU time required for placement by more than a factor of five, on average, vs. using the tradi- 

tional brute-force bounding box recomputation. 

Chapter 4 described new routing algonthms and a parameterized FPGA routing architecture 

generator that were implernented in the VPR placement and routing program. We described a 

new problem in FPGA CAD: the automatic generation of good routing architectures from a suc- 

cinct list of understandable parameters. We showed that it is often difficult to simultaneously sat- 

isf'y al1 the specified parameters, and highlighted some of the novel features of our architecture 

1. Altera Corporation has an interna1 logic block packing tool that targets logic clusters, and Xilinx has a 
tool targeting logic blocks very similar to logic clusters for use with the XC5200 FPGA. The aigorithms 
used by these tools have never been disclosed, however. 
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Table 8.1: Summary of CAD contributions. 

Placement 

CAD Area 

Logic Block Packing 

Routing 

Contributions - First academic tool to target pmmetenzed clustzr-based logic blocks 

Architecture independeni placement tool - New, robust annealing scheduIe 
Fast incremental update scheme 
High quality resuIts 

-- - - 

Architecture- independent router 
.r Architecture generator for ease of specification - Fully timing-driven - Directly optimizes the Elmore delay 

Very high quality 

Transistor-based area mode1 
0 Full delay extraction 
0 Path-based timing analysis 

generator that allow al1 the architecture parameten to be satisfied under most circumstances, and 

result in an FPGA with good routability. 

Chapter 4 also described the two routers we developed and implemented in VPR: one is 

purely routability-driven, while the other is both routability- and timing-driven. The routability- 

driven router is based on the Pathfinder negotiated congestion algorithm [SOI but includes signifi- 

cant enhancements to the routing cost function and "routing schedule." As well, the VPR 

routability-dnven router employs a new rnethod we developed for the breadth-fint routing of 

multi-terminal nets which reduces the CPU time to route high-fanout nets by an order of magni- 

tude compared to the traditional breadth-first maze router method. In tems of circuit routability, 

this routability-driven router outperforms al1 other routers to which we can compare, and the com- 

bination of the VPR placement algorithm and the VPR routability-driven router significantly out- 

performs al1 combinations of placement and routing tools to which we can compare. 

The VPR timing-driven router employs new algorithms we developed to directly optimize 

the Elrnore delay, while simultaneously resolving routing congestion. Previous non-commercial 

FPGA routers have optimized either wirelength or the (inaccurate) linear delay model; by directly 

optimizing the more complex Elrnore delay model Our router can make much more intelligent 

routing decisions. As well, our timing-dnven router is the first non-commercial "buffer-aware" 

FPGA router,' and it performs buffer insertion automatically as it constructs net routing topolo- 

1. The routing tools of Xilinx Inc. are buffer-aware [102], and those of other companies whose FTGAs con- 
tain a rnix of pass transistors and buffers are also likely buffer-aware. 
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gies. This timing-driven router also has excellent performance: it is capable of optimizing for 

routability almost as well as our routability-driven router, while producing circuits which are 2.6 

times faster, on average. The run-time of this router is also quite low -- it can route an 8300 LUT 

circuit in 3.2 minutes. 

As well as the new algorithms incorpcrated in VPack and VPR, we consider the VPR / 

VPack CAD infrastructure itself to be a major contribution of this work. VPR not only produces 

high-quality placements and routings, it is also very flexible; i.e. it can target a wide variety of 

FPGA architectures. VPR includes fast net delay extraction and path-based timing analysis mod- 

ules, allowing easy evaluation of the speeds of different FPGA architectures. It also includes a 

detailed, transistor-based area model, allowing easy cornpanson of the area of different FPGA 

architectures. Taken together, these capabilities enable more sophisticated and detailed cornpari- 

son of FPGA architectures than were possible with previous tool sets. In addition to the three 

architectural studies described in this dissertation, VPR has been used to evaluate the quality of 

synthetic benchmark circuits [142, 143, 1441, to investigate laser-programmed gate array architec- 

tures [145], to generate good global routings for use with an FPGA detailed router [96], and as a 

CAD infrastructure for research into ultra-fast FPGA routing algorithms [ 146, 122, 1471 and 

ultra-fast FPGA placement algorithms [148]. Ongoing research at the University of Toronto is 

enhancing VPack to perfonn timing-driven logic block packing [130], using this enhanced VPack 

and VPR to investigate the speed of different cluster-based logic blocks [149], and using VPR to 

research the routing architecture of Altera-like (hierarchical) FPGAs [134]. Several FPGA corn- 

panies are currently using VPR io aid in the development and evaluation of new FPGA architec- 

tures, and researchers from over 80 universities and 30 companies have downloaded copies of 

VPR from Our web site. VPR is also currently being evaluated by the System Performance Eval- 

uation Corporation (SPEC) for inclusion in its CPU98 computer benchmark suite. 

In chapters 5,6 and 7 we used these VPR and VPack CAD tools to investigate three differ- 

ent FPGA architecture issues; Table 8.2 briefly summarizes our most important architecture con- 

clusions. In Chapter 5 we explored FPGA global routing architectures, which specify the relative 

widths of the various channels within an FPGA. We found that the best global routing architec- 

ture distributes the logic block pins evenly around the logic block penmeter, and has the same 

width for every channel within the FPGA. Row-based FPGAs, which have logic block pins only 

on the top and bottom of each Iogic block, are only 8% less area-efficient than this best architec- 

ture, however, as long as the horizontal channels are twice as wide as the vertical channels. We 
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also found that by adjusting the relative widths of the horizontal and vertical channels, one can 

create FPGAs with rectangular logic block arrays which are nearly as area-efficient as FPGAs 

with square logic block arrays. We showed that making the routing channel between the Il0 pads 

and the iogic block array moderately (25%) wider than the othcr channels is a nei benefit when the 

VO positions are locked. We showed that making one or more routing channels near the center of 

the array extra-wide, as some commercial FPGAs do [137], is not very usehl, however. Although 

these issues have been widely discussed and speculated upon, this dissertation has presented the 

first systematic study of global routing architecture. 

Table 8.2: Summary of FPGA architecture conclusions. 

Architectural Issue 

Global routing architecture 

Cluster-based logic blocks 

Detailed routing architecture 

-- 

Key results 
- - - - -- - . - - - - -  -- 

O Uniform channels are better than non-uniforrn channels 
No directional bias is best 

Best cluster size: 3 - 10 look-up tables 
Need only about half as many cluster inputs as there are LUT inputs 

0 Should reduce Iogic to routing interconnect fiexibility for large clusters 

Relatively simple architectures perfonn well 
Length 1 wires not useful 
Best single wire segment length = 4 
50% to 80% of routing switches should be pass transistors; remainder 
tri-state buffers 

0 Slight switch-block depopulation yields area gain 
0 Decreasing the delay of only 20% of the routing wires yields the same 

circuit speed as decreasing the delay of 100% of the routing wires 

In Chapter 6, we presented the first study of "cluster-based" logic blocks, which are logic 

blocks that contain several LUTs and registers interconnected by local routing. While Altera 

FPGAs use cluster-based logic blocks, this is the first study of how one should choose the key 

logic cluster parameters, and of the area-efficiency achievable with these logic blocks. We inves- 

tigated three key logic cluster issues. First, we found that one need not provide 4N distinct inputs 

to a cluster of N 4-LUTs -- approximately 2N+2 distinct inputs suffice to achieve full logic utiliza- 

tion, and result in a more area-efficient logic block. Second, we found that as the size of the logic 

cluster increased, one should reduce Fc to achieve the best area-efficiency; a good Fc value is W 1 

N. Finally, we found that with appropnate choices of 2 and F,, logic clusters containing between 

1 and 10 LUTs al1 have area-efficiency within a 12% range. Consequently, any logic cluster in 

this range (except perhaps a cluster of size 2) is a reasonable choice. Since larger clusters reduce 
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the size of the placement and routing problern, and tend to increase the FPGA speed by making 

many connections via the fast local interconnect, logic clusters at the upper end of this 1 to 10 size 

range are probably the best choicc. 

Finally, in Chapter 7, we investigated FPGA detailed routing architecture, which specifies 

the exact pattern of wires and switches forming the routing fabric, for island-style FPGAs. While 

some detailed routing architecture questions have been investigated before, this study is the firs: :O 

use a truly timing-driven router, the first to evaluate an architecture's speed via the critical path 

delay, and the first to model routing area using a new minimum-width transistor equivalent area 

model. As well, many of the detailed routing architecture issues we investigated had not been 

previously studied. More specifically, Our work is the first to consider routing that contains tri- 

state bufier routing switches, partially-internally depopulated routing wires, and routing wires 

with varying metal spacing. 

One of the most important conclusions of this study is that most of the wires in an FPGA 

should be of moderate length (4 to 8 logic blocks); the very short and very long wires often found 

in commercial island-style FPGAs lead to inferior speed and area-efficiency. As well, we found 

that FPGAs should contain a mix of tri-state buffer and pass transistor routing switches; using 

pass transistor switches on approximately 50% to 80% of the routing tracks is best. Intemally 

depopulating wire segments that use tri-state buffer routing switches so that they have a switch 

block in only every second location leads to a 2.5% to 7.5% area-efficiency gain. Neither reduc- 

ing the switch block population of wires that use pass transistor switches nor reducing the connec- 

tion-box population of wires is as successful at reducing routing area. We also found that 

increasing the spacing between metal wires significantly improved the FPGA speed, and that one 

could obtain virtually the entire speedup by increasing the spacing of only 20% of the routing 

wires. Specifically, increasing the spacing of 20% of the routing wires typically improves FPGA 

speed by 12% to 1395, while increasing the spacing of al1 the wires increases the speed by about 

15%. Finally, we found that properly designed routing architectures employing only two different 

lengths of wire and a simple switch block lead to 1 1 - 18% better speed than a routing architecture 

similar to that of the Xiliiix XC4000X FPGA, with only a O - 6% area-efficiency penalty. These 

architectures are considerably simpler than that of the Xilinx XC4000X, and this makes them 

even more attractive, since simple architectures ease the task of writing CAD tools and imple- 

menting "hard" intellechial property cores. 
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8.2 Future Work 

8.2.1 CAD Tool Enhancernents 
There are two different ways in which one can enhance Our CAD tools: by improving the 

core algorithms to increase result quality, and by increasing the ffexibility of the FPGA architec- 

ture generator to allow easy investigation of a wider class of FPGAs. 

In this work we have created a timing-driven router, but Our logic block packing program, 

VPack, and the placement phase of VPR are both purely routability-driven. Both these tools 

should be enhanced to make them timing-driven. In fact, a research project is already underway 

at the University of Toronto to create a timing-driven version of VPack [130]. New timing-driven 

algonthms are of interest in their own right, since they produce faster end-user circuits. As well, 

by making the entire architecture evaluation CAD flow timing-driven, one can compare a wider 

variety of FPGA architectures on the basis of speed, as well as area. 

The VPR placement algorithm could also be enhanced by adding a cost function that con- 

siders the underlying detailed routing architecture when evaluating the cost of a placement. For 

example, in an FPGA that contains only length 4 wires, any connection between logic blocks in 

the same row or column is likely to be completed with one wire segment if i t  spans less than four 

logic blocks. If, however, the connection spans five logic blocks, or if the connection is between 

logic blocks that are not in the same row or column, it must use more than one wire segment. 

Consequently, the cost function should consider not only wirelength, but also the number of wire 

segments (and for timing-driven placement, the minimum delay) required to route from a net 

source to a net sink. Using a cost function of this type results in a "routing-aware" placement 

algorithm, without the high CPU time required by simultaneous placement and routing 

approaches. 

The other major class of CAD enhancements concem creating a wider variety of FPGA 

architectures automatically. As discussed in Chapter 4, the architecture generator in VPR can 

build routing-resource graphs for detailed routing only when the segmentation distribution in the 

horizontal and vertical channels is the same. While this is generally true of island-style FPGAs, it 

is not true of the hierarchicai style of FPGAs used by Altera. A research project is currently under 

way at the University of Toronto to remove this restriction, and hence allow the generation and 

evduation of Altera-style FPGAs [134]. 

Automatically generating good FPGA architectures to match a set of parameten is a new 
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problem in FPGA CAD, and there are many avenues for future research in this area. While we 

have found ways to simultaneously satisfy al1 the specified parameters in many cases, in some sit- 

uations we cannot meet al1 the user's specifications. An important question, then, is whether it is 

impossible to satisfy al1 the constrains in these cases, or if there is some better architect-re gener- 

ation algorithm which enables al1 the ccnstraints to be met. If it is impossible to satisfy al1 the 

specified parameters in some cases, is there some parameterkation (different than the one we have 

chosen) of equivalent Rexibility which guarantees that any set of parameters can always be simul- 

taneously satisfied? Another problem in automatic architecture generation concems the auto- 

matic generation of good connection block switch pattems. While the pattems currently 

generated by VPR work well for a wide variety of architectures, they are not necessarily the best 

possible pattems. 

8.2.2 Future FPGA Architecture Research 
In Chapter 6 we examined the area-efficiency of different cluster-based logic blocks, but not 

their speed. A further study that examines the speed of these logic blocks is necessary to deter- 

mine the logic cluster size with the best speed - area trade-off; a research project at the University 

of Toronto is underway to examine this issue [130, 1491. Another interesting question about logic 

clusters is whether or not fully-connected local routing is necessary. The complexity of fully-con- 

nected local routing grows quadratically with the clusrer size, so the use of a less flexible local 

routing structure might make larger logic clusters more attractive. On a related note, is it neces- 

sary to allow al1 N BLE outputs to connect to the main FPGA routing? In large logic clusters 

many signals are used only within the logic cluster, so the average number of outputs used is less 

than N. By forcing some BLE outputs to be used only with a logic cluster, an FPGA would con- 

tain fewer logic block output pin buffers and connection blocks, saving area. On the other hand, 

logic utilization might suffer, so the overall effect on area is unclear. 

Many interesting questions about detailed routing architecture remain. Further research is 

needed to determine good switch block topologies for use with FPGAs that contain wires longer 

than one logic block. This switch block research should pay careful attention to the interaction 

between the distribution of the wire lengths and the performance of different switch blocks, as our 

results have shown these two issues to be coupled. In Chapter 7, we found that reducing the con- 

nection-block intemal population of wires did not provide a significant area-efficiency gain, and 

that depopulating the connection block on al1 the wires led to unroutable FPGAs. We always 
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depopulated the switches from logic block output pins and the switches to logic block input pins 

equaliy, however. A future research project could look into depopulating the output pin switches 

and the input pin switches by different amounts. Since the switches from logic block output pins 

to routing tracks require more area than the switches from routing tracks to input pins, depopulat- 

ing the output pin switches would yield the largest reduction in switch area per wire. By depopu- 

lating the input pin switches by a smaller amount, or not at dl ,  one could maintain good 

routability, and hopefully achieve a net area gain. 

Finally, the best architectures we found in Chapter 7 had critical path delays of approxi- 

mately 40 ns. About 80% of this delay is still routing delay, so there is still considerable room for 

speed improvement by optimizing the routing architecture. However, almost 40% of the routing 

delay (about 30% of the total delay) is due to the delay to get out of a logic block via an output pin 

buffer, and back into another logic block via a track buffer and connection-block multiplexer. 

Even if we could somehow create routing wires and routing switches with zero delay, then, we 

would only double the FPGA speed if these fixed delays to enter and leave a logic block were left 

unchanged. We believe research is therefore needed into "fast paths" which bypass most of the 

connection block multiplexer, track buffer and perhaps the output pin buffer delays; such fast con- 

nections are employed in many commercial FPGAs [4,7]. For example, one cm build direct con- 

nections (as Xilinx does) between adjacent logic blocks. These direct connections are short 

enough that they should not require track buffers. Fast path connections can also connect into a 

special, fast input in the connection block multiplexers. If the multiplexer is a tree of pass transis- 

tors (see Appendix B. 1), this fast input is created by making the tree unbalanced; the fastest input 

has the fewest pass transistors between it and the multiplexer output. Obviously the nurnber of 

fast paths one can create is very limited (if one makes too many fast paths they al1 becorne slow 

paths again!). Research is needed to decide if such fast paths can be used effectively enough by 

CAD tools to significantly speed up an FPGA, and if so, which logic blocks should connect via 

fast paths. 

Finally, since power dissipation is of increasing concem in al1 VLSI design, future research 

should investigate detailed routing architectures and logic block architectures that lead to the best 

combination of not only speed and area, but also power. 
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Appendix A 

Graphic Visualizaiion in VPR 

VPR contains built-in graphics that we have found very valuable in both CAD algorithm 

and FPGA architecture research [129]. The graphical visualization of a new FPGA routing archi- 

tecture or a routed circuit allows much quicker undentanding of how weli or how poorly the vari- 

ous algorîthms in VPR are performing than trying to comprehend megabytes of textual data. On- 

screen buttons allow the user to pan and zoom various views of the FPGA's routing architecture 

and placed andor routed circuits. PostScript output of any display on screen is always available 

simply by clicking on a "PostScript" button; al1 the figures in this appendix were generated 

directly by VPR in this manner. 

Figures A.l to A.4 show various steps in the placement and routing of the MCNC bench- 

mark circuit e64. This circuit contains 274 four-input LUTs, and is mapped to an FPGA where 

every logic block is a single BLE. The FPGA routing contains a mixture of length 1, 2 and 4 

wires. Figure A. 1 shows a "rat's nest" view of the connected blocks before placement. The user 

has selected the green logic block by clicking on it with the mouse; its fan-out is highlighted in 

red, while its fan-in is highlighted in blue. Notice that the fan-in and fan-out of the green block 

are widely scattered across the FPGA. 

Figure A.2 shows the same circuit and the same highlighted block after placement. Now 

the fan-in and fan-out of this block have been clustered quite closely around it. Most connected 

blocks have been piaced close together, resulting in a much less cluttered view than in Figure 

A.1. 

Figure A.3 shows e64 after it has been successfully routed. The routings of the nets con- 

nected to the highlighted block are shown in blue (for fan-in nets) and red (for fan-out nets). By 
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Figure A. 1: Initial (random) placement of benc hmark circuit e64. 

examining graphical views of routed circuits one can quickly determine how well VPR routes dif- 

ferent classes of nets, and identify areas where the routing algorithm is not performing well. 

Figure A.4 shows the circuit critical path. A user can highlight each net on the circuit criti- 

cal path, one by one. Figure A.4(a) shows only the first net on the critical path -- the cntical con- 

nection begins at an input pad (the yellow block) and connects to the magenta logic block. Figure 

Figure A.2: Final placement of e64 found via simulated annealing. 
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Figure A.3: Routing of benchmark circuit e64. 

A.4(b) shows the entire critical path, which in this case spans five nets and four logic blocks. The 

first four nets on the critical path are shown in green. The last net on the critical path is shown in 

cyan; it begins at the yeilow logic block and ends on the magenta output pad. Being able to view 

the critical path of a circuit in this way has been very valuable in optimizing the CAD tools, since 

one can quickly determine if the critical path is routed via direct, fast connections. As well, being 

able to see the structure of the critical path -- for exarnple, is it mostly short, local connections or 

Figure A.4: (a) First net and (b) al1 five nets on the critical path of e64. 
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mostly long connections -- gives one insight into what kind of nets are detemining the circuit 

speed and how the routing architecture could be changed to speed their routing. 

When a routing fails because there are insufficient tracks, or because a switch pattern is sim- 

ply unroutable, one can view al1 the routing resources that are still overused after the final itera- 

tion of the router. Showing where congestion is occurring in this way makes it much easier to 

determine why a circuit is not routing on a particular architecture -- sometimes it is a simple mat- 

ter of insufficient wiring, but other times there are inuinsic flaws in the architecture's switch pat- 

tern that make certain connection topologies difficult or impossible to route. The e64 circuit 

requires 10 tracks per channel to successfully route. Figure AS shows the congestion remaining 

after the last (thfieth) router iteration when each channel contains only 8 tracks. Notice that both 

some wire segments and some logic block pins are overused. 

VPR can also display the routing architecture of an FPGA. Every routing wire, logic block 

pin, and switch is displayed, and the data to be drawn is taken directly from the routing-mource 

graph. This allows a user to visualize an entire routing architecture, and quickly determine if he 

or she has set al1 the architecture parameters correctly in the architecture file. It also allows one to 

examine the quality of the switch patterns generated by the VPR architecture generator, and to 

quickly test and debug improvements to the architecture generator. Figure A.6 shows the entire 

routing fabric of the FPGA in which the e64 circuit was implemented in the previous figures. Fig- 

Figure AS: Congestion remaining &ter an unsuccessful attempt at routing e64. 
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Figure A.6: Routing architecture of an FPGA with a single BLE logic block. 

ure A.7 is a close-up of a small part of the FPGA so the switch pattern is visible. The black lines 

are routing wires, while the red squares are logic block input pins and the blue squares are logic 

block output pins. Switches between logic block pins and routing wires are shown as x's; input 

pin switches are blue, while output pin switches are red. The routing switches in switch blocks 

are shown as green lines between routing wires; a small triangle indicates the switch is a tri-state 

buffer, while a circle indicates it is a pass transistor. 

Figure A.8 is a simpler view in which the routing switches are not displayed. The segmen- 

tation distribution of the FPGA is clearly visible: 20% of the routing tracks are Iength 1 wires, 

40% are length 2 wires, and 40% are length 4 wires. 

Finally, Figure A.9 shows a s m d  portion of an FPGA with a more complex logic block. In 

Figure A.7: Close-up of routuig architecture of an FPGA with a single BLE logic block. 
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Appendix B 

Area and Delay Model Details 

This appendix provides more detail on how the area of the FPGAs siudied in Chapten 6 and 

7 was detemined, and how the delay of the FPGAs studied in Chapter 7 was modelled. The next 

section provides transistor-level schematics showing how each stmcture in an FPGA is imple- 

rnented. Most of these schematics are process-independent, but occasionally transistor sizing 

issues that are somewhat specific to a specific process arise. In such cases, we size the transistors 

assuming the FPGA would be implemented in TSMC's 0.35 Pm, 3.3. V process [150]. Section 

B.2 describes how we detemined the delay or equivalent RC circuit for each structure in an 

FPGA, and lists the delay through some of the key FPGA structures. This data is required to 

apply the FPGA delay model described in Section 7.2.3. 

B.1 Transistor-Level Schematics and Assumptions 
In this section we detail the transistor-level schematics for each FPGA structure used in this 

research. These schematics show how many transistors each structure contains, and how large the 

various transistors are, which is exactly the information required by the area model described in 

Section 6.2.3. As well, these transistor-level schematics are the structures simulated to extract the 

delay values used in Chapter 7. Chow et al [17] contains another discussion of the transistor-level 

implementation of an FPGA; most of the structures we use are similar. 

B.l . l  FPGA Routing Structures 

A key circuit element of an SRAM-based FPGA is the SRAM ce11 itself. We used the 6- 

transistor, double-ended prograrnming ce11 illustrated in Figure B. 1. Although a five-transistor 
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Figure B.l: Six-transistor SRAM ce11 schematic. 

SRAM ce11 is possible, a six-transistor ce11 is generally more stable -- i.e. more resistant to state 

flipping due to crosstalk or charge sharing. While some of these transistors may have slightly 

greater than minimum width (or some may have more than the minimum channel length of 0.35 

Pm), we assume the total structure requires 6 minimum-width transistor areas. Since the layout of 

an SRAM-ce11 is usually the most heavily optimized layout in an FPGA (often to the point that 

special, relaxed design rules are used in its layout), the assumption that it requires only 6 mini- 
- 

mum-width transistor areas is reasonable. We assume that the data and data values stored in the 

ce11 can be connected directly to other wires without any isolating inverters -- the stability of a six- 

transistor SRAM ce11 is hence essential. 

Figure B.2(a) shows a pass transistor used in an FPGA's routing. Each routing pass transis- 

(a) FPGA routing pass transistor with its controlling SRAM cell 

transistors "on" 

Routing wire 

(b) Pass transistor degrades high logic level and causes dc power dissipation 

3.9 v 
1 

I 

Only pull-down "on" 
2.73 V 

3.3 V A  
Routing wire 

- 
(c) Boosting the p a s  transistor gate voltage solves the dc power dissipation problem 

Figure B.2: (a) FPGA routing pass transistor; (b) static power problem; and (c) solution. 
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tor is controlled by a single SRAM cell. Note that usually this pass transistor will be considerably 

larger than minimum-width; Appendix C. 1 studies the question of how best to size this transistor. 

If the uidth of this transistor is ten times the minimum, which is the size we use in Chapter 7, the 

number of minimum-width transistor areas required by a pass transistor routing switch is 6 

(SRAM cell) + 5.5 (ten times minimum size pus  transistor; see Equation (6.l)j for a total of 1 1 S. 

Gate Boosting 
Figure B.2(b) shows a potential problem with the use of nMOS pass transistors. In Figure 

B.2(b), an "on" routing pass transistor is passing a logic high value to a routing wire. Notice that 

the voltage of the routing wire is less than Vdd (3.3 V), since an nMOS pass transistor degrades a 

logic high value by a threshold voltage (including any increase in the basic threshold voltage due 

to the body effect). In TSMC's 0.35 Pm process, for example, the routing wire voltage will rise 

only to 2.2 V. Downstream, a buffer is used to sense and re-power the signal on the routing wire. 

With an input voltage of only 2.2 V, both the pMOS and nMOS transistors in the first stage of this 

buffer will be at least partially "on", dissipating unacceptable amounts of DC power. For exam- 

pie, an FPGA large enough to accommodate the clma benchmark circuit (which requires 2121 

size 4 logic clusters) would dissipate 2 1 W of static power in these partially "on" inverters alone. 

One solution to this problem is to boost the gate voltage of pass transistors above the power 

supply; this technique has been used by Xilinx in their FPGAs. We assume that the gates of al1 

the pass transistors in the FPGAs we construct are boosted to 3.9 V (approximately one threshold 

voltage above Vdd) when designing FPGA circuitry or extracting circuit delays. Figure B.2(c) 

shows that with a gate boosted to 3.9 V, the pass transistor will now pass a logic high level of 2.73 

V, which is enough to turn off the pMOS pull-up transistor in any downstream buffer. For an 

FPGA large enough to accommodate the clma benchmark circuit, this gate boosting technique 

reduces the static power dissipated in these "downstream" buffers from 2 1 W to 0.04 1 W. 

Buffers 
Multi-stage buffers are heavily used in the design of EPGAs. To drive a large load, one usu- 

ally builds a chain of inverters of gradually increasing size -- a multi-stage buffer. We build buffer 

chains with a stage ratio of as close to 4 as possible; this yields high speed while minirnizing area 

[Ml].  In these buffer chains the pull-up pMOS transistors are 1.9 times as wide as the nMOS 

transistors. This is roughly the square root of the ratio between the drive strength of an nMOS and 
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Buffer (l6x minimum 
drive strength) 

Out 

- - - - 
Figure B.3: Schematic of a multi-stage buffer. 

the drive strength of a pMOS transistor of the same size in TSMC's 0.35 pm process. Sizing the 

pMOS transistors in this way minimizes the delay through the buffer chain [152]. Even more 

importantly, using a pMOS to nMOS width ratio of 1.9 results in equal rise and fall times for the 

tri-state buffer stmctures discussed below. Figure B.3 shows an example buffer chain used to cre- 

ate an output stage with 16 times the drive strength of a minimum-size buffer. Note that al1 the 

transistor width labels in Figure B.3 (and the other figures in this appendix) are "times minimum 

width" values, rather than widths in ym. 

Recall that signals generated by nMOS pass transistors swing only from O V to 2.73 V 

(rather than 3.3 V). To achieve equal rise and faIl times, the inverter that senses the state of a wire 

driven by an nMOS pass transistor uses a pMOS to nMOS width ratio of only 1.7, rather than the 

1.9 we usually use. This reduces the switching threshold of the inverter to 1.35 V (about midway 

between O and 2.73 V), and yields equal rise and fa11 times on the nMOS pass transistor output. 

The buffered switches in FPGA switch blocks and the switches between logic block output 

pins and routing tracks (in the "output pin" connection blocks) are tri-staie buffers. There are sev- 

eral ways to construct tri-state buffers; Figure B.4 shows the form of tri-state buffer we assume. It 

is simply a combination of a (potentially multi-stage) buffer with an nMOS pass transistor. We 

assume that the gate of this pass transistor (like al1 the other pass transistors in the FPGA) is 

boosted to 3.9 V. The drive strength of the tri-state buffer in Figure B.4 is five times the mini- 

mum, which is the tri-state buffer size used in Chapter 7. It occupies 19.7 minimum-width tran- 

Tri-state buffer 
(5x minimum drive strength) 

Out 

Figure B.4: Schematic of a tri-state buffer with 5 times minimum drive strength. 
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Tri-state buffers at an output pin connection block 

Logic 
b1ock 

Routincr wire Routing wire - 

Logic 
block O Logic 

block 

Logic 
block 

1 

Routing wire 

Routing wire 

Routing wire 

Logic 
block 

IV Routing wire 

1 y Routing wire 

L 

Routing wire 
(b) Fan-out buffer sharing 

Figure B.5: Methods to buiid tri-state buffers at switch blocks and output pin connection blocks. 

sistor areas. 

At a point where there are multiple buffered routing switches with the same input, there are 

two ways to implement the group of switches. We c m  either build each switch as a completeiy 

separate tri-state buffer, as Figure BS(a) shows, or we can build only one buffer chain, with sev- 

eral pass transistors connecting to the output of this buffer, as shown in Figure BS(b). We cal1 the 

two implementations "no buffer sharing" and "fan-out buffer sharing," respectively. Implement- 

ing only one buffer chah (i.e., fan-out buffer sharing) saves a signifiant amount of area, but it can 

degrade speed by a small arnount since this buffer will be more heavily loaded if several of the 

pass transistors connecting to its output are "on." 

The area mode1 built into W R  outputs two area estimates: one assuming no buffer sharing, 
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and the other assuming fan-out buffer sharing. The no-buffer-sharing area assumes that each tri- 

state buffer switch in a switch block, or in an output pin connection block, is implemented as a 

separate buffer ciiain plus pass transistor, as Figure BS(a) shows. This area estimate is pessimis- 

tic because significant area savings cm be achieved by sharing one buffer chain. The fan-out- 

buffer-sharing area model assumes instead that only one buffer chain is implemented for each 

logic block output pin, or set of tri-state buffer routing switches with the same input and at the 

same switch block. This area model is depicted in Figure BS(b). We cal1 this area mode1 slightly 

optimistic for two reasons. First, in a real FPGA it is likely that the size of the buffer chain would 

be increased somewhat as the number of pass transistors connected to its output increased, in 

order to rninimize any speed degradation due to several of the pass transistors being "on" at once. 

Hence the fan-out-buffer-sharing area model slightly underpredicts routing area. Second, the 

delay model in VPR assumes each switch is independent -- that is, does not share a buffer chain 

with another switch. Consequently, VPR's delay calculator does not account for the speed reduc- 

tion caused by several of the pass transistors connected to one buffer chain being "on." In other 

words, the delay model built into VPR models the no-buffer-sharing case. The difference in delay 

caused by sharing buffers is not very significant, however, so we consider the fan-out-buffer-shar- 

ing area model the more realistic one. Accordingly, al1 the area results in Chapter 7 were deter- 

mined with the fan-out-buffer-sharing area model. 

Connection Block to Logic Block Input Pins 
The connection block from a set of routing tracks to a logic block input pin is implemented 

as a multiplexer, as shown in Figure B.6. Notice that buffers isolate each track from the input 

capacitance of the connection blocks attaching to it. We assume only one buffer is needed at each 

Routing 
wires 

Figure B.6: Implementation of input pin connection blocks. 
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data ""'m F?"" 

Out 

Figure B.7: Schematic of a Cinput SRAM-controlled multiplexer. 

logic block location along a wire -- a wire of length 4, for example, has four aitached "track buff- 

ers." The multiplexers attaching to a wire from the logic block above a certain point on the wire 

and the logic block below that point on the wire connect to the output of one track buffer. Figure 

B.6 also shows that we assume the track bufTer is a two-stage buffer with the second stage having 

a drive strength of four times the minimum. Notice that the first stage of the track buffer uses a 

pMOS to nMOS width ratio of 1.7 to achieve equal rising and falling delays on the routing wires. 

Figure 8.7 shows that multiplexers are implemented as a binary tree of pass transistors. Al1 

the transistors in this tree are minimum-width. For input pin connection blocks, SRAM cells con- 

trol which multiplexer input is selected. The total number of minimum-width transistor areas 

required by such a multiplexer with Ninputs inputs is: 

Area(Ninputs) = 6rl0gdNinpuis)l + 'Ninpurs - 2 .  (B. 1) 

Since we are implementing multiplexers as pass transistor trees, we need buffers on the inputs and 

the output of the multiplexer. If these buffers are not already present in the circuit, they must be 

added and their area included in the total area. 

B.1.2 Logic Block Structures 

Figure B.8 shows the logic block used in Chapter 7: a logic cluster of size 4 with 10 logic 

inputs and one clock. We also assume there is also one setlreset signal of programmable polarity 

shared by al1 four registers in the logic block. Notice that signals that have to travel a significant 

distance across the logic block or which have a large fan-out pass through two-stage buffers with 

a drive strength of two to four times the minimum to amplify them. The fan-out of some of these 

buffers is a function of the logic cluster size -- our areû mode1 resizes these buffers appropriately 

for the fansut present in each logic cluster. Note that to keep Figure B.8 understandable, we do 
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Out 1 

L,',,,- J - - - - - - - - - - - - - - - - - - -  -1 

Figure B.8: Schematic of a logic cluster of size 4 with 10 logic inputs, 1 dock and setheset. 

not show al1 the repeated structures in a logic cluster of size 4. Specifically, we show only two of 

the ten input pin buffers, two of the sixteen 11:  1 multiplexers, and one each of the four 4-LUTs, 

registers, and BLE output buffers contained in a size 4 logic cluster. As well, note that the four 

tirnes minimum strength buffer driving the output pin is strong enough to drive the local routing, 

but not. in general, the routing tracks. Appendix C.3 discusses the size of output buffer we use to 

drive different types of routing wires. The A, B, and C points labelled in Figure B.8 will be 

referred to in Section B.2, where we summarize the delay of the various paths in this logic block. 

Figure B.9 shows our implementation of a Cinput look-up table. It uses sixteen SRAM 

cells, a sixteen-input pass transistor multiplexer, and a set of buffers to amplify the select inputs 

and generate their complements. Note that only 6 of the 16 S R A M  cells are shown, and only a 

portion of the pass transistor multiplexer tree is shown. The area of this CLUT is 96 (SRAM 

cells) + 30 (multiplexer tree) + 4 1 (input buffers and complementers) = 167 minimum-width tran- 

sistor areas. 

Figure B.10 shows the master-slave register with asynchronous set and reset inputs that we 

use. Numbers given after a slash (0 denote the channel length (in pm) of transistors that use a 

longer channel than the minimum 0.35 Pm. This register contains 16 transistors, but some are 
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Out 

Figure B.9: Schematic of a Cinput look-up table. 

Iarger than minimum width and some have greater than the minimum channel length, so it occu- 

pies 19 minimum-width transistor areas. 

Finally, Figure B.ll shows the sevreset logic circuit used to enable programming of both 

the polarity of the setheset input to a iogic block, and whether this signal sets or resets the regis- 

ters in a logic block. This circuitry occupies 48.5 minimum-width transistor areas. 

Summing the areas of al1 the structures in the size four logic cluster of Figure B.8 yields the 

total area: 209.25 (clock buffers) + 16.50 (local routing multiplexers) + 16.2.35 (buffers on out- 

puis of local routing multiplexers) + 4.167 (four 4-LUTs) + 4.19 (four registers) + 4.8 (four 2: 1 

Clock "DQ 

Figure B.lO: Master-slave register with asynchronous set and reset. 
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Fipre B.11: Circuitry to generate and amplify the set and reset signals within a logic block. 

multiplexers) + 48.5 (setheset logic) = 1678 minimum-width transistor areas for this logic block. 

The highly attentive reader will notice that this summation does not include the ten buffers on the 

logic input pins, nor the four buffers on the logic output pins. The area of these buffers is counted 

as part of the routing area by VPR. 

Delay and RC-Equivalent Circuit Extraction 
In this section, we describe how we deterrnined the delay or equivalent RC circuit for each 

FPGA structure, and we list the delay through some of the key FPGA structures. This delay and 

RC data is required to apply the FPGA delay mode1 described in Section 7.2.3. 

We first performed SPICE simulations to determine the delay of al1 the paths in the logic 

block shown in Figure B.8, as well as the delay from a routing track to a logic block input pin. 

The delay of a path is the difference between the time at which the path input signal passes 

through the midpoint of its voltage swing and the time at which the output signal passes through 

the rnidpoint of its voltage swing. The results are listed in Table B.1. The letters in Table B. 1 

refer to the points labelled on Figure B.8. 

Table B.1: Cluster-based logic block of size 4 delay values in TSMC 0.35 pm process. 

Point A + Point B 1 14: 1 multiplexer, buffet 1 340 

Path 

Routing track + Point A 

1 Point B -D Point C 1 4-LUT, 2: 1 multiplexer 1 465 

I=C+=~A 1 Local routing buffers 1 280 

Passes through 

Track buffer, connection block rnuttiplexer, 
input pin buffers 

1 Point B + Register storage node 1 4LUT, register set-up time 1 730 

Delay (ps) 

1040 

-- - -  - 

Register storage node + Point C Register clock-to-Q delay, 2: 1 multiplexer 332 
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We performed spice simulations to determine the intrinsic delay of the (often multi-stage) 

buffers we use in the routing. The briffer intrinsic delay is the delay, when the buffer is unloaded, 

between the buffer input passing through its 50% swing voltage and the buffer output passing 

through its 50% swing voltage. Because FPGA routing switches are heavily loaded, the slew rate 

of the voltage input signal to a routing buffer is fairly low. This ilowly changing input affects the 

delay through the buffers -- we found that the buffer delay is 100 ps higher for buffers in the 

FPGA routing than it is for buffers in the FPGA logic block because of the difference in input 

slew rates. We do not provide the buffer intrinsic delays here because it would violate Our non- 

disclosure agreement with TSMC. 

We found the equivalent resistance of nMOS pass transistors via the circuit shown in Figure 

B. 12. The Elmore delay of this circuit is simply Req,,C. Since our logic block and buffer intrin- 

sic delays al1 give the time required for 50% signal swing, we want the Elmore delay of the circuit 

in Figure B.12 to give us the 50% signal swing time as well. We accomplish this simply by set- 

ting Reg,$ equal to the 50% swing time measured from SPICE, and solving for Reg,,. We found 

that the rise and fa11 times of signals generated by pass transistors were essentially equal, so long 

as we measure the time for the signal to change to 50% of its final value, and not to Vdd/2. By 

properly sizing the n and p transistors in the buffer used to sense the state of this routing wire (the 

dotted buffer in Figure B.12), we can adjust the "switch point voltage" to lie at this "signal swing 

midpoint" voltage. Note that the drive strength of CMOS transistors increases linearly with tran- 

sistor width, so the equivalent resistance of transistors with widths different than 1 Fm is simply 

Req / Wum,. A similar procedure was used to find the equivalent output resistance of pMOS tran- 

sistors and tri-state buffers. Again, our nondisclosure agreement precludes the listing of these 

equivalent resistances here. 

To determine the metal resistance and capacitance of routing wires, we need to know how 

"Sense buffer" 
"Sense buffer" 

Figure B.12: Circuit used to determine equivalent resistance of nMOS transistors. 
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long these wires are. In other words, we need to know the size of a basic FPGA tile when the 

logic block is a cluster of size 4. We determined the basic tile size by examining a representative 

architecture (50% length 4 buffered wires, 50% length 4 pas-transistor-switched wires) as fol- 

lows: 

1. The most difficult to route benchmark circuit, pdc, requires 62 tracks per channel in this 

architecture; hence we set the channel width to 62. 

2. The number of minimum-width transistor areas in the routing for this architecture and a 

channel width of 62 is 6857. Adding in the 1678 minimum-width transistor areas in the 

logic block yields a total of 8535. 

3. We assume that a good layout team can achieve 60% of the maximum achievable transis- 

tor density. Therefore: 

~ r e a ( p * )  = M i n  WidthTransAreas 
6.2275 y mL/ MinWidthTrans 

0.6 
= 88 600 pn' (6.2) 

Assuming a square logic block, then, we obtain a tile size of 300 Fm on a side; we assume this is 

the tile size for each architecture examined in Chapter 7. To check that this value is reasonable, 

we also measured the area per logic block of a Xilinx XC4085XL FPGA (in a 0.35 pm process) 

and found that it is 115 000 pm2. which leads to an (assumed square) tile size of 340 prn x 340 

Pm. The area of an Altera Flex 10K100 tile is 259 000 in a 0.5 p n 2  process; scaling to a 0.35 

pm process and dividing by two (since each Altera logic block contains 8 4-LUTs, rather than 4), 

yields an area per four 4-LUT tile of 129 600 pm2, or 360 pm x 360 pm in a square layout. Con- 

sequently, our estimate of a tile size of 300 pm on a side for a logic block containing four 4-LUTs 

looks quite reasonable. 

In modelling metal resistance, we want Rmetal,eq.C to give the 50% signal swing delay so 

that it is compatible with Our other delay values. Since metal resistance is a tnie linear resistor, we 

know that the voltage on a capacitor being charged by resistive metal will follow an exponential 

curve in time. The time constant of this exponential is Rmetd.C, where Rmetd is the "tnie" metal 

resistance given in the foundry data sheets. Consequently, we know that the 50% signal swing 

delay will occur at: 

t504bswing = In(O.5) Rmrtor C = 0.693 Rmetal C. (B -2) 

From (B.2) it is clear that R,td,q is 0.693-Rmetd. 

The metal capacitance data cm be taken directly from the foundry data sheets. We extract- 
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ing the transistor gate capacitance, and the pMOS and nMOS diffusion capacitances, from the 

foundry SPICE models. S ince the diffusion capacitances are bias voltage dependent, we obtained 

the average diffusion capacitances over the entire bias range vir: 

and used this average diffusion capacitance value in our RC equivalent circuit model, as suggested 

Finally, recall from Section B. 1.1 that we are boosting the gates of pass transistors to 3.9 V 

in order to control the FPGA static power dissipation. It is interesting to note that this gate boost- 

ing does not change the routing delay very much -- the transistor drive strength increases, but so 

does the signal swing, and the two effects largely cancel each other. 
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Appendix C: Sizing of Routing Transistors and Metal 

Appendix C 

Sizing of Routing Transistors 

and Metal 

Both the area and delay of an FPGA depend strongly on the size of the routing transistors 

and the metal width of the routing wires. In this appendix we show how we determined appropri- 

ate sizes for the pass transistors and tri-state buffers used in FPGA routing, and the best metal 

width for routing wires. Al1 the delay values in this section were determined from the switch- 

levei (resistors, capacitors and ideal delay elements) delay mode1 we extracted from TSMC's 0.35 

pm process; this delay modelling procedure was descnbed in Appendix B.2. Throughout this sec- 

tion we also assume that the layout area of a basic FPGA tile (in this process) is 300 prn x 300 

pm, as described in Appendix B.2. 

C. 1 Sizing Pass Transistor Routing Switches 
In this section, we determine the best routing pass transistor width by evaluating the effect 

of different pass transistor widths on both the speed of the routing wire shown in Figure C. 1 ,  and 

the area of the routing switches. While Figure C.l shows a wire of length 4, we will Vary the 

length (Lwi,) of this routing wire over a wide range in this section. We assume the wire is fully 

switch-block and connection-block populated, and that the switch block topology used leads to an 

Fs of 3 at the wire ends, and an Fs value of 1 at the "intemal" switch block points. The disjoint 

switch block topology used throughout most of Chapter 7 matches these Fs values. We also 

assume there is a pass transistor allowing this wire to connect to a logic block output pin at each 
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Figure C.1: Wiring topology assumed in pass transistor sizing experiments. 

of the LwiE logic blocks spanned by the wire. These transistors connecting the wire to logic block 

output pins are the same size as the other routing transistors. A track buffer with a small first 

stage (as described in Appendix B. 1.1) also loads the wire at each logic block it passes. Finally, in 

this section we assume that the routing wire is laid out in metal 3 with minimum width and mini- 

mum spacing. We are interested in determining the delay of the wire in Figure C. 1 when one pass 

transistor at each end is "on" to create a multi-wire connection -- al1 the other switches are off and 

only add capacitive loading. 

The Elmore delay of a connection ihat passes through N pass transistor switches and routing 

wires is: 

where CtOtd is the total (metal + transistor parasitics) capacitance loading the wire, Rpss is the 

equivalent resistance of a pass transistor, and Rmetai is the end-to-end resistance of the wire. The 

dominant (quadratic in the number of routing switches in series) delay term is proportional to: 

Dominant delay constant = (Rposs  + Rmeral) Cioral. 

Figure C.2 plots this dominant delay constant as a hinction of the pass transistor width for several 

difierent wire lengths. The delay constant of each wire has been divided by the wire length, LWi,, 

to allow al1 the curves to be plotted on the same axes -- this does not affect the shape of the curves 

in any way. The horizontal a i s  in Figure C.2 is the width, relative to the minimum contacted 

transistor width of 0.7 Pm, of the routing pass transistors. As the width of the pass transistors 

increases. the wiring delay clearly drops significantly. For very large pass transistors the delay 

stops improving, since the switch capacitances become larger than the metal capacitance and the 

wire becomes self-loaded. For the longer wires, delay actually degrades once the transistor width 
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Figure C.2: Normalized dominant delay constant vs. routing pass transistor width. 

is more than about 30 times minimum, since the metal resistance begins to become more signifi- 

cant than the pass transistor resistance. 

Figure C.3 shows the area required by each pass transistor routing switch, including the area 

of the controlling SRAM cell. Obviously the area of each routing switch increases as the pass 

transistor size is increased. The question, then, is how best to size the routing pass transistors to 

achieve the best area-delay trade-off. Intuitively, we wanr to choose the transistor width that is 

nearest the "knees" of both the delay constant and switch area curves; we next formulate this goal 

in a more quantitative manner. 

We believe the most logical way to size these routing transistors is to choose the size that 

Area / Switch 
(Minimum- Width 
Transistor Areas) 

t 2 4 5 10 16 32 64 
WF (X Minimum Width); Log Scale 

Figure C.3: Area of a p a s  transistor routing switch (including SRAM) vs. pass transistor width. 
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leads to the minimum aea-delay product. One can perfom more computation in an FPGA in two 

basic ways -- by increasing the clock speed or by increasing the number of functional units. The 

throughput is simply the product of the number of functional units and the clock speed. The num- 

ber of FPGA logic blocks (and hence functional units) one can fit in a fixe6 silicon area is 

inversely proportional to the area of a basic tile in the FPGA, and the clock speed is inversely pro- 

portional to the circuit delay. Consequently, minimizing the axa-delay product of the FPGA 

maximizes the throughput a user can achieve with an FPGA of a given die size. To find the FPGA 

with the minimum area-delay product achievable with a given logic block and routing architec- 

ture, we would have to simultaneously Vary the size of every transistor in a basic tile of the FPGA, 

and determine the area and delay achieved by the FPGA under each transistor sizing. Clearly this 

is a dauntingly large and complex search space. We can, however, approximateely rninimize the 

area-delay product of an FPGA by minimizing the routing switch area - wire delay product for 

each routing resource, and this is the approach we take to routing transistor sizing. 

Figure C.4 plots the area of a routing switch multiplied by the dominant wire delay constant 

as a function of pass transistor width. Again, curves for several different routing wire lengths are 

shown, and the switch area - wire delay product of each is normalized by dividing by the wire 

length so they can al1 be plotted on the same axes. For wire iengths of 1,4, or 8 logic blocks, tran- 

sistor widths of 10 and 16 times the minimum are essentially tied for the best area - delay product. 

For a wire of length 16, a pass transistor width of 10 is clearly preferable to a width of 16. Conse- 

quently we use ten times minimum width (Le. 7 Fm width) pass transistor routing switches 

throughout Chapter 7. 

W,, (X Minimum Width); Log Scale 

Figure C.4: Switch area - wire delay product vs. routing pass transistor width. 
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Although we assumed minimum spacing metal 3 wiring in this section, laying out routing 

wires in metal 2 or using a different metal spacing does not significantly change the point at whicli 

the best switch area - wire delay product occurs. 

C.2 Sizing Tri-State Buffer Routing Switches 
To determine the best size of tri-state buffers in the routing, we followed a procedure identi- 

cal to that of the pnor section. The wire simulated is the same as that in Figure C. 1, except every 

pass transistor between two routing wires is replaced by two tri-state buffers -- one in each direc- 

tion. We assume that one buffer chah is shared by the three tri-state buffers at each of the two end 

points of a wire; i.e. we are assuming the fan-out-buffer-sharing case described in Appendix B. 1. 

Once again the routing wire is fabrîcated in minimum width and spacing metal 3. 

Figure CS shows the wire delay divided by the wire length (Le. the delay to pass one logic 

block) versus the size of the tri-state routing buffers. A buffer of minimum size uses minimum 

width nMOS transistors, while the pMOS pull-up is 1.9 times minimum width, as described in 

Appendix B. 1. Also recall from Appendix B. 1 that the larger buffers are multi-stage buffers, and 

the stage ratio is kept as close to 4 as possible. As buffer size increases from the minimum size, 

speeds improve for al1 wire lengths. Once the buffer is larger than four times the minimum, how- 

ever, the speed of length 1 wires starts to degrade. This occurs because the increase in buffer 

intrinsic delay as the buffer grows is larger than the decrease in the time it takes the larger buffer 

to discharge the routing wire (and attached switch) capacitance. Longer wires continue to see 

- 
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Area / Switch 
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Figure C.6: Area of a tri-state buffer switch (including controlling SRAM) vs. drive strength. 

some speed improvement until the buffer size reaches 16 times the minimum (for length 4 wires) 

or 32 times the minimum (for length 8 and 16 wires). 

Figure C.6 shows how the area of each tri-state buffer routing switch (including the control- 

ling SRAM bit) varies with the size of the tri-state buffer. Once again, we want to find the buffer 

size closest to the "knees" of both the area and the delay curves, and once again we take this best 

trade-off point to be the minimum of the wire delay - routing switch area product. Figure C.7 

shows the wire delay - routing switch area product curve for four different routing wire lengths. 

For wires of length 4, 8 and 16 the best switch area - wire delay product occurs with a buffer that 

is five times the minimum size. For a wire of length I ,  the best area-delay product occurs with a 

Delay / Lw, 
* Switch Area 

(Delay per 
Logic Block Spanned 

* Switch Area) 

2 4 5 10 16 32 
Buffer Size (x Minimum Size); Log Scale 

Figure C.7: Switch area - wire delay product versus routing tri-state buffer size. 
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buffer size of only twice the minimum. Since the area-delay product for a wire of length 1 is not 

much worse with a buffer size of five times the minimum, however, we make al1 tri-state routing 

buffers five times the mi~imum size throughout Chapter 7. 

It is interesting to note that the best routing pass transistor width was ten times the mini- 

mum, while the best tri-state buffer size is only five times the minimum. There are two reasons 

for this behaviour. First, as the size of a tri-state buffer is increased, more stages are added to the 

buffer chah. Thus some of the speed gained by the increased buffer drive strength is counteracted 

by the increased intnnsic delay of the buffer. Second, since a tri-state buffer contains several tran- 

sistors, it consumes more area at a given size than a pass transistor. Consequently, as a tri-state 

buffer is sized up, it more rapidly swamps the fixed area overhead due to its controlling SRAM 

bit, so its area growth is closer to linear in the buffer size than that of a pass transistor. 

C.3 Tri-State Buffers in Output Pin Connection Blocks 
The experiments in the prior two sections deterrnined the proper transistor sizes for rouiing 

switches contained in FPGA switch blocks. We must also determine a proper size for the tri-state 

buffers connecting logic block output pins to routing tracks. It makes little sense to connect a 

routing wire to a logic block output pin with a large tri-state buffer if the routing switches the wire 

uses to connect to other routing wires are small. The large tri-state buffer from the output pin will 

make the connection from the logic block to the routing wire fast, but subsequent connections 

through switch blocks will be slow. Consequently, the extra area used to create a large tri-state 

buffer from the output pin to the routing wire is largely wasted. 

On the other hand, it also makes little sense to connect a logic block output pin to a routing 

wire with a tri-state buffer that is smaller than the switch b!ock routing switches on this wire. The 

connection from the output pin to the routing wire will be slow, degrading the speed of what was 

intended to be a fast routing resource. Consequently, in Chapter 7 we always make the tri-state 

buffer connecting a logic block output pin to a routing wire the same size as the routing switches 

the wire uses to connect to other routing wires. This means the tri-state buffer connecting output 

pins to pas-transistor-switched wires are ten times the minimum size, while those connecting to 

buffer-switched w ires are only five times the minimum size. 
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C.4 Metal Width and Spacing 
The results in Appendices C. 1 and C.2 assumed that routing wires used the minimum metal 

width and spacing. Increasing the spacing between metal wires reduces the metal capacitance, 

while increasing the metal width reduces the metal resistance, at the cost of some increase in the 

metal capacitance. Of course, increasing either the metal width or the metal spacing increases the 

metal pitch; this may cause in an increase in the FPGA area (if the metal area becomes too large to 

fit over the transistor area). In this section we determine if FPGA routing wires benefit from 

greater than minimum metal width or spacing. We again assume that routing wires are laid out in 

metal 3. 

Figure C.8 shows the switch area - dominant delay constant prcduct for a wire of length 16 

connected by pass transistor routing switches as a function of the pass transistor width. The three 

curves in Figure C.8 show the area-delay product achievable under three different metal widths 

and spacings. The solid curve occurs with minimum metal width and spacing; the dashed curve 

occurs with minimum width and twice the minimum spacing (leading to a metai pitch of 1.5 times 

the minimum metal pitch); and the dotted curve occurs with twice the minimum width and mini- 

mum spacing (also leading to a metal pitch of 1.5 times the minimum metal pitch). Notice first 

that the minimum area-delay product occurs at a pass transistor width of ten times the minimum 

width for al1 three curves, showing that the transistor sizing result we obtained in Appendix C. 1 is 

not very sensitive to the metal width and spacing assumed. Secondly. notice that the twice-mini- 

rnum-spacing curve has an area-delay product at this minimum point that is 13% better than the 

3 - - Minimum Width and Spacing Metal 
- + - Min. Width, Twice Min. Spacing Metal 

Switch Area - 
Wire Delay Product 2 - 

(Normalized Dominant 1.8 - 
Delay Constant 1.6 - '\ 

* Switch Area) 

0.6 - 
I I l  l I I I 

1 2 4 5 10 16 32 64 
W,,, (X Minimum Width); Log Scale 

Figure C.8: Effect of metal width and spacing on a length 16 pass-transistor-switched wire. 
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Delay Lire 

* Switch Area 
(Delay ;>er A 

Logic Block Spanned 
* Switch Area) 

- - r -  

1 2 4 5 7 10 16 32 
Buffer Size (x Minimum Size); Log ScaIc 

Figure C.9: Effect of metal width and spacing on a length 16 buffered routing wire. 

area-delay product of the twice-minimum-width curve. The entire 13% area-delay product 

improvement is due to lower delay, since both curves are using the same size of routing switch 

(ten times minimum width) at this point. Clearly, spacing out metal wires yields greater speed 

improvements than widening wires in the routing transistor width regime of interest, and is hence 

a better use of metal area. Note also that we have inîentionally presented results for the case that 

is most favourable to widening the routing wires -- a long (length 16) wire. Widening the routing 

wires performs even more poorly, relative to increasing the wire spacing, for shorter wires. 

Figure C.9 shows how the switch area - wire delay product varies with metal width and 

spacing for a length 16 wire that is driven by tri-state buffer routing switches. Once again, the 

solid line uses the minimum metal width and spacing, while the dashed line uses twice the mini- 

mum metal spacing, and the dotted line uses twice the minimum metal width. Notice that the 

minimum switch area - wire delay product occurs at a buRer size of five times the minimum for 

each of the three curves, indicating that Our buffer sizing results of Appendix C.2 are also fairly 

insensitive to the metal width and spacing of the routing wires. The routing wire using twice the 

minimum spacing now has a 26% better area-delay product at the minimum area-delay point than 

the routing wire that uses twice the minimum width. Once again the entire 26% improvement in 

the area-delay product is due to delay improvement, since both the curves are using the same 

buffer size (five times minimum size) at this point. Buffered routing switches prevent the "build- 

up" of winng resistance when several routing wires and switches are connected in senes to form a 

longer connection. Since the sole benefit of widening a routing wire is a reduction in the wire 
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metal resistance, the fact that widening a routing wire is an even less effective speed optimization 

with buffered routing wires than with pass-transistor-switched wires is understandable. In fact, 

widening the routing wire has slightly increased the area-delay product at the minimum point ver- 

sus using a minimum width wire. Notice that we have again presented results for a long (length 

16) routing wire -- shorter wires favour increasing the wire spacing over increasing the wire width 

even more. 

It is understandable that increasing the metal spacing improves the routing wire speed, since 

a wider metal spacing reduces the metal capacitance. On the other hand, it may seem surprising 

that increasing the metal width is so ineffective, and in fact degrades speed for buffered wires or 

short pass-transistor-switched wires. Recall that while increasing metal width decreases the metal 

resistance, it increases the metal capacitance. In standard ce11 designs this increase in metal 

capacitance is not an ovemding issue -- one can simply increase the size of the buffer driving the 

wire to compensate. In FPGA routing, however, we have not one buffer or pass transistor driving 

a wire, but many possible drivers hanging off the wire along its length. The area cost of sizing up 

al1 these buffers or pass transistors to compensate for the increased metal capacitance is signifi- 

cant, and cannot be ignored. Nomally these buffers or pass transistors are small enough that their 

equivalent resistance is considerably higher than the metal resistance of even a fairly long, mini- 

mum width wire. Consequently, when one is unwilling to tolerate a large increase in the routing 

area, increasing the spacing between metal wires is a more effective method of speeding up an 

FPGA's routing than increasing the wire width (in a 0.35 pm process -- future process shnnks 

may eventually make wider wires more attractive). Accordingly, we investigate the effect of 

increasing the spacing between routing wires on FPGA speed (in Section 7.6), but we use mini- 

mum width metal wires throughout this work. 
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